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ABSTRACT 
Flame retardants are chemical additives used to meet flammability standards for 
many materials including high impact polystyrene used in consumer electronics and 
polyurethane foam used in furniture. To date, research in the U.S. has primarily focused 
on polybrorninated diphenyl ethers (PBDEs), which have been shown to escape from 
products over time and accumulate in the dust of indoor environments as well as in our 
bodies. 
Due to growing concerns regarding its persistence and toxicity, PBDEs began to be 
phased out of production in the U.S. in 2005. Since then, other flame retardants such as 
hexabromocyclododecane (HBCD), tetrabromobisphenol-A (TBBP-A) and tris(l ,3-
dichloro-2-propyl) phosphate (TDCPP) have potentially increased in use . Therefore , our 
objectives were to characterize human exposure to these flame retardants and assess 
predictors of exposure. 
We investigated exposure to target flame retardants in three potentially susceptible 
and highly exposed populations: HBCD and TBBP-A in breast milk of first-time 
Vl 
mothers, the primary metabolite of TDCPP in urine from office workers, and PBDEs in 
serum from collegiate gymnasts . The target flame retardants were identified in 100% of 
samples, with the exception of TBBP-A (35%). Body burdens of HBCD and TBBP-A 
were similar to reports from other parts of the world. HBCD exposure was positively 
associated with the number of stereo and video electronics in the home and lower in 
participants who regularly chose organic foods compared to those who did not. Our 
measurements of TDCPP metabolite in urine are among the first in the world. 
Participants who worked in a new office building had urinary concentrations of TDCPP 
metabolite that were 26% of those who worked in older office buildings. Finally, the 
geometric mean (GM) concentration of BDE153 in serum from gymnasts was four times 
higher than in the general U.S. population and similar to the GM concentration measured 
in foam recyclers and carpet installers. Concentrations of flame retardants in gym air and 
dust were orders of magnitude higher than previously found in residences. Overall, our 
results suggest that the indoor environment contributes to flame retardant exposure in our 
target populations. 
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Chapter 1: Introduction 
Flame retardants are chemical additives used to meet flammability standards for 
many materials including high impact polystyrene used in consumer electronics and 
polyurethane foam used in furniture and automobiles. To date, research in the U.S. has 
primarily focused on polybrominated diphenyl ethers (PBDEs), which have been shown 
to escape from products over time and accumulate in the dust of indoor environments as 
well as in our bodies (Allen et al. 2008; Webster et al. 2009; Stapleton et al. 2005). 
PentaBDE is a mixture of PBDEs that was used widely in polyurethane foam 
products (Figure 1.1). The general populations of the U.S. and Canada appear to have the 
highest serum concentrations of PentaBDEs, presumably because most of the PentaBDE 
produced was used in North America (Hites 2004). The PentaBDE congeners are 
bioaccumulative compounds with estimated half-lives in humans ranging from 2-12 
years (Geyer et al. 2004). They are endocrine disruptors that have been associated with 
subclinical changes in thyroid hormones in several epidemiologic studies as well as 
reproductive and neurodevelopmental effects (Stapleton et al. 2011a; Chevrier et al. 
2010; Johnson et al. 2012; Harley et al. 2010; Eskenazi et al. 2013; Hoffman et al. 2012; 
Herbstman et al. 2010; Gascon et al. 2012; Roze et al. 2009). Exposure studies suggest 
that human exposure to PBDEs occurs primarily through incidental ingestion of indoor 
dust and that diet may also be important (Watkins et al. 2011; Watkins et al. 2012; Fraser 
et al. 2009; Wu et al. 2007) . The U.S . population has the highest average body burdens of 
PBDEs in the world. The data are highly skewed , with evidence that some individuals 
experience extremely high exposures. However, only one study in the U.S. has 
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investigated a highly exposed population; occupationally exposed foam cutters and carpet 
installers (Stapleton et al. 2008). 
Due to growing concerns regarding its persistence and toxicity, PBDEs began to be 
phased out of production in the U.S. starting in 2005 (Birnbaum and Staskal 2004). This 
has led to increased use of alterative flame retardants such as tris(l ,3-dichloro-2-propyl) 
phosphate (TDCPP) and Firemaster-550 in polyurethane foam (Stapleton et al. 2009; 
Stapleton et al. 2012). The phase out may also have changed use patterns for other 
brominated flame retardants such as hexabromocyclododecane (HBCD) and 
tetrabromobisphenol-A (TBBP-A) (Leisewitz et al. 2000). 
Both HBCD and TBBP-A are high production volume chemicals that are used as 
flame retardants in a variety of products (Covaci et al. 2009; Harrad et al. 2010) (Figures 
1.2 and 1.3). The major use of HBCD is reportedly in polystyrene foams for building 
insulation and furniture upholstery , whereas TBBP-A is used mainly in epoxy resins of 
printed circuit boards (Leisewitz et al. 2000; Covaci et al. 2006). Both may also be used 
in the plastic casings of consumer electronics. HBCD and TBBP-A are stable compounds 
that persist in the environment and have been measured in house dust (Covaci et al. 2009; 
Abdallah et al. 2008a; Stapleton et al. 2004). They have also been shown to accumulate 
in lipid-rich tissue (Brandsma et al. 2009; Szymanskaet al. 2001). The biological half-life 
of HBCD is unknown, but has been estimated at around 64 days in human adipose tissue 
(Geyer et al. 2004). The HBCD technical mixture consists of mainly the a- ~- and y-
diastereomers and is dominated by y-HBCD, whereas biological samples are dominated 
by a-HBCD (Covaci et al. 2006). Metabolites of HBCD include 
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pentabromocyclododecenes (PBCDs) and potentially tetrabromocyclododecadienes 
(TBCDs ), although both can also be impurities in the HBCD technical product 
(Brandsma et al. 2009). Based on measurements in human serum, the biological half-life 
of TBBP-A has been estimated to be 2-6 days (Hagmar et al. 2000). Both HBCD and 
TBBP-A are suspected endocrine disruptors that may effect regulation of thyroid 
hormone and neurodevelopment (Saegusa et al. 2009; Ema et al. 2008; Eriksson et al. 
2006; Ghisari and Bonefeld-Jorgensen 2005; Mariussen and Fonnum 2003). 
Another high production volume flame retardant, TDCPP, has been used 
extensively as a replacement for PentaBDE in the polyurethane foam of couches 
(Stapleton et al. 2012) (Figure 1.4). It has also been identified in many baby products 
including car seats, changing pads, portable crib mattresses and nursing pillows as well as 
in household dust (Stapleton et al. 2009; Stapleton et al. 2011 b; Meeker and Stapleton 
2010; van der Veen and de Boer 2012). The half-life of TDCPP in rats ranges from 
1.5-5.4 hours depending on the tissue (e.g., blood, fat, etc.) (Nomeir et al. 1981). Its half-
life in humans is currently unknown, but is likely to be similarly short. Due to its 
carcinogenic potential, TDCPP was added to the California Proposition 65 list of 
chemicals in 2011 (CalEPA 2012; Freudenthal and Henrich 2000). TDCPP is also a 
suspected endocrine disruptor that may effect thyroid regulation and neurodevelopment 
(Meeker and Stapleton 2010; Dishaw et al. 2011; Soderlund et al. 1985). Both human and 
animal studies suggest that its primary metabolite is bis(l ,3-dichloro-2-propyl) phosphate 
(BDCPP), excreted primarily in the urine (Nomeir et al. 1981; Lynn et al. 1981; Cooper 
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and Stapleton 2011) . BDCPP has no other known source , other than as a metabolite of 
TDCPP. 
Despite the widespread use and uncertain safety of these alternative flame retardants, 
little is known about exposure to these chemicals in U.S. populations (Johnson-Restrepo 
et al. 2008; Ryan et al. 2006; Cooper et al. 2011). A few HBCD biomonitoring studies 
have been conducted in European countries , one of which suggests that dust, not diet, is 
predictive of body burdens (Roosens et al. 2009). We are aware of no previous studies 
that investigate predictors of exposure to TBBP-A and TDCPP. 
The overall objective of this work is to characterize human exposure to brominated 
and organophosphate flame retardants and assess predictors of exposure. This is done by 
investigating exposure to target flame retardants in three potentially susceptible and 
highly exposed populations from the eastern U.S.: HBCD and TBBP-A in breast milk of 
first-time mothers (Chapter 2), BDCPP in urine from office workers (Chapter 3) , and 
PBDEs in serum from collegiate gymnasts (Chapter 4). This design is summarized in 
Figure 1.5 and outlined in greater detail below . 
The objectives of Chapter 2 are to provide biomonitoring data for HBCD and TBBP-
A and assess predictors of exposure. Our study population consists of 43 first-time 
mothers recruited from three clinics in the Boston, Massachusetts area. Each participant 
is asked to complete a questionnaire and provided a single sample of breast milk. The 
questionnaire inquires about personal demographics, habits and pre-pregnancy diet. We 
also record characteristics about the home and household electronics. This study design 
allows us to characterize exposures for mothers as well as their infants. We are also able 
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to explore associations between measures of the analytes in breast milk with responses 
from the questionnaire. We hypothesize that body burdens of HBCD and TBBP-A in our 
sample of U.S. mothers are similar to elsewhere in the world. As this is an exploratory 
study, we examine a number of variables, including diet, household electronics, the 
presence of carpeting and transportation use as potential predictors of body burden. 
The objectives of Chapter 3 are to provide biomonitoring data for TDCPP and assess 
predictors of exposure. Our study population consists of 29 office workers recruited in 
the Boston, Massachusetts area. Each participant is asked to complete a questionnaire, 
provide one spot urine sample and allow us to collect dust from their office, home and 
vehicle. The questionnaire inquires about personal demographics, habits and diet. We 
also record characteristics of the office, home and vehicle. This study design allows us to 
characterize exposures for office workers to TDCPP. We are also able to explore 
associations between measures of urinary BDCPP, office building, TDCPP in dust, and 
predictors from the questionnaire. We hypothesize that the indoor environment 
contributes to personal exposure of TDCPP. As this is an exploratory study we test a 
number of variables, including office building, TDCPP in dust, and transportation use as 
potential predictors of urinary BDCPP 
The objectives of Chapter 4 are to characterize PentaBDE body burden among 
gymnasts, compare the results to the general population, and measure PentaBDE and 
other flame retardants in gym equipment, air, and dust. Our study population consists of 
11 collegiate gymnasts from one gym in the eastern U.S. Each gymnast is asked to 
complete a questionnaire and provide before and after-practice handwipe as well as one 
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sample of blood. We collect samples of air, dust and foam from the gym and screen gym 
equipment for brominated flame retardants. Gymnast serum is analyzed for the presence 
of PentaBDE and other persistent organic pollutants .. Environmental samples are 
analyzed for PentaBDE and other flame retardants. We hypothesize that these gymnasts 
have higher exposures to PentaBDE compared to the general U.S. population . 
The findings of Chapters 2-4 are summarized in Chapter 5. Limitations of this 
research are also discussed, as well as remaining knowledge gaps and suggestions for 
future research. 
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Chapter 1: Fi~:ures 
Figure 1.1: The general chemical structure of polybrominated diphenyl ethers 
(PBDEs). Congeners in the PentaBDE mixture contain 3-6 bromine atoms. 
Br x~ _ __fXBr y ~0~-
Figure 1.2: Hexabromocyclododecane (HBCD) 
Br 
Br 
Br Br 
Br 
Figure 1.3: Tetrabromobisphenol-A (TBBP-A) 
Br Br 
OH 
Br Br 
Figure 1.4: Tris(1,3-dichloro-2-propyl) phosphate (TDCPP) 
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Figure 1.5: Conceptual Model 
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Abstract 
Tetrabromobisphenol-A (TBBP-A) and hexabromocyclododecanes (HBCDs) are 
brominated flame retardants that have been found in human milk and serum throughout 
the world, but have received comparatively little attention in the United States. The 
objective of this study is to determine concentrations of these analytes in samples of 
breast milk collected from first-time mothers in the Greater Boston, Massachusetts area 
and to explore predictors of exposure. Human milk samples were analyzed by LC-ESI-
MS/MS for TBBP-A, HBCDs (the a, B and y diastereomers), and HBCD degradation 
products: pentabromocyclododecanes (PBCDs) and tetrabromocyclododecadienes 
(TBCDs). HBCD diastereomers were detected in all samples with a-HBCD present in the 
highest proportion. TBBP-A, PBCDs and TBCDs were detected in 35%,42% and 56% 
of the analyzed samples, respectively. Self-reported demographic, dietary and behavioral 
data were examined as predictors of HBCD levels. Levels of HBCD were significantly, 
positively associated with the number of stereo and video electronics in the home (17% 
increase/item; 95% Confidence Interval (CI)=4%-31%) and reduced in participants who 
regularly chose organic foods compared to those who did not (0.51, 95% CI=0.32 to 
0.82). These results suggest that lifestyle factors are related to body burdens of HBCD 
and that domestic electronics may be an important source of HBCD exposure in the 
indoor environment. 
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l. 
Introduction 
Tetrabromobisphenol-A (TBBP-A) and hexabromocyclododecanes (HBCDs) are 
widely used brominated flame retardants (BFRs) (Law et al. 2006). Over the past decade 
global production and environmental concentrations of these BFRs has increased (EU 
2006; Law et al. 2008). Both are stable, lipophilic/hydrophobic compounds that persist in 
the environment (Covaci et al. 2009; Harrad et al. 2009). HBCD is on the U.S. 
Environmental Protection Agency ' s list of Chemicals of Concern and a global phase-out 
will be reviewed by the Stockholm Convention in 2013 (USEPA 2012; Stockholm 
Convention 2012). 
The main use of TBBP-A is as a reactive flame retardant in epoxy resins for printed 
circuit boards in computers, telecommunications equipment, industrial controls and 
automotive electronics (Leisewitz et al. 2000). In reactive applications, flame retardants 
are not expected to migrate from the product. However, TBBP-A is also used as an 
additive to circuit boards for low energy applications such as remote controls and video 
recorders as well as the plastic housing for electrical and electronic equipment, mainly 
computer monitors and printers (EU 2006). In additive applications, there is potential for 
the flame retardant to escape from the product and enter the air and dust of the indoor 
environment. The major use of HBCDs is as an additive to expanded and extruded 
polystyrene foam used to thermally insulate buildings. It is also added to the back-coating 
of textiles of upholstered furniture as well as the high impact polystyrene housing of 
electrical and electronic equipment and appliances (BSEF 2012). 
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TBBP-A has an estimated biological half-life of 2-6 days based on measurements in 
human serum (Hagmar et al. 2000). It structurally resembles the thyroid hormone 
thyroxine, and is characterized as a suspected endocrine disruptor due to its activity in 
multiple in vitro assays (Meerts et al. 2000; Ri\1 et al. 2011 ). These include competitive 
binding of transthyretin, activation of peroxisome proliferator-activated receptors a, ~ 
andy, and activation of estrogen receptors a and ~ (Hamers et al. 2006; Kitamura et al. 
2002; Ghisari et al. 2005). In vitro studies suggest potential immuno- and neurotoxic 
effects (Pullen et al. 2003 ; Mariussen and Fonnum 2003). Rodent studies have failed to 
identify neurodevelopmental effects with perinatal doses as low as 10 mg/kg-day 
(Saegusa et al. 2009). However, given the suspected endocrine disrupting effects of 
TBBP-A and the finding of a dose-unrelated decrease in T3 additional studies using lower 
doses are needed. 
HBCD has been shown to bioconcentrate and biomagnify in fish and wildlife (Covaci 
et al. 2009; Harrad et al. 2009; Johnson-Restrepo et al. 2008). The HBCD technical 
mixture consists of mainly the a- ~- andy- diastereomers and is dominated by y-HBCD, 
whereas biological samples are dominated by a-HBCD (Covaci et al. 2006). This may be 
due to more rapid stereoisomerization to a- and ~-HBCD or preferential metabolism and 
excretion of ~- and y-HBCD in vivo (Szabo et al. 2011). The biological half-life of 
HBCD is unknown but has been estimated to be around 64 days in human adipose tissue 
(Geyer et al. 2004). Pre-natal and neonatal exposure to HBCDs in rodents has been 
shown to decrease TSH levels and alter spontaneous behavior in the lowest dose groups 
(Saegusa et al. 2009; Ema et al. 2008; Eriksson et al. 2006); demonstrating the need for 
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lower dose studies. Biotransformation to pentabromocyclododecenes (PBCDs) and 
potentially tetrabromocyclododecadienes (TBCDs) occurs through dehydrobromination 
of HBCD, with possible hydroxylation to mono- and dihydroxy metabolites (Brandsma et 
al. 2009). PBCDs and TBCDs can also be impurities in the HBCD technical product 
(Brandsma et al. 2009). 
Both TBBP-A and HBCD accumulate in lipid-rich tissue (Brandsma et al. 2009; 
Szymanska et al. 2001) and have been measured in human milk and serum (Ryan et al. 
2006; Abdallah and Harrad 2011; Weiss et al. 2004; Hagmar et al. 2000). Estimates of 
infant exposure to TBBP-A and HBCD are driveri by consumption of human milk and 
exceed estimates of both adult and toddler exposure (Abdallah and Harrad 2011 ). A 
recent study found HBCDs in dust to be a significant predictor of levels in human serum 
but failed to find similar results for diet (Roosens et al. 2009). No epidemiologic studies 
have investigated human exposure to TBBP-A. 
To date, pentaBDE has been a focus of environmental health efforts in the U.S. due to 
widespread, high exposures compared to other countries (Hites 2004). TBBP-A and 
HBCDs were both in use prior to the manufacturing phase-out of PentaBDE and 
OctaBDE in the U.S. in 2005 (Covaci et al. 2006; Law 2009). Like OctaBDE and 
DecaBDE they can be used as additives to the plastic housing of electronics. 
Very little biomonitoring data exist for TBBP-A or HBCDs in human populations 
from the U.S. (Johnson-Restrepo et al. 2008; Ryan et al. 2006). Here we report 
concentrations of TBBP-A and HBCDs in human milk collected in 2004-2005 from a 
population of frrst time mothers in Boston, Massachusetts, U.S. and assess predictors of 
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exposure. PentaBDE concentrations for this cohort were reported previously (Wu et al. 
2007). 
Methods 
Study Participants and Sampling 
Study participants included 43 first-time mothers, 18 years or older, who had lived in 
the Greater Boston area for at least 3 years at the time of delivery. Participants spoke 
English or Spanish and had pregnancies that were healthy and singlet. Eligibility for 
participation was based on a World Health Organization protocol for human milk 
monitoring (WHO 1989). We recruited participants from three sites near Boston, 
Massachusetts, USA: a health center in Lowell, Massachusetts that serves an ethnically 
diverse, working class community; a private obstetrics office in Cambridge, 
Massachusetts; and a maternity center in Brookline, Massachusetts. The Cambridge and 
Brookline facilities serve similar populations, predominantly white and highly educated. 
The study protocol was approved by the Institutional Review Boards at Boston 
University Medical Center and University of Massachusetts Lowell. All participants gave 
informed consent prior to enrollment. 
Questionnaires were administered to each participant in person to collect information 
on demographics, general health, and potential variables for flame retardant exposure 
such as pre-pregnancy dietary consumption, use and possession of consumer electronics, 
residential and occupational history, recent home renovations, home carpeting, hobbies, 
and typical methods of transportation. Participants were asked if they regularly chose to 
eat organic foods (products grown or produced without chemicals) for a particular type of 
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food (yes/no) as well as how often. For the general food frequency questionnaire dietary 
serving sizes were defined by United States Department of Agriculture guidelines and 
visual aids were used to help participants estimate quantities consumed. Participants were 
asked to estimate the number of serving sizes consumed per week. The amount of dairy 
fat consumed per day was estimated based on questionnaire responses and industry 
established fat content for each product. Homes were considered carpeted if one or more 
rooms had wall-to-wall carpeting installed. Household electronics were categorized as 
follows: stereo and video electronics (i .e., TVs, CD players, DVD players and stereos), 
personal computers, auxiliary electronics (i.e., printer, copier, scanner and fax machines) , 
and other small appliances . 
A single human milk sample was collected from each participant 2 to 8 weeks post-
partum betWeen April 2004 and January 2005. Most women used an electric or manual 
milk pump to collect the sample, pumping directly into glass storage jars that had been 
rinsed with analytical grade solvents and fitted with a Teflon cap liner (Wu et al. 2007). 
Samples were stored at -20 °C and shipped to the University of Birmingham in 2010 for 
analysis of TBBP-A, a-, ~-, and y-HBCD, PBCDs and TBCDs using a previously 
published method (Abdallah et al. 2011). 
Sample extraction 
Accurately-weighed aliquots of the freeze-dried samples ( ~ 2 g) were loaded into pre-
cleaned 66 mL Accelerated Solvent Extraction (ASE 300, Dionex Inc. , UK) cells 
containing 1.5 g florisil , 3 g alumina, 5 g anhydrous Na2S04 and hydromatrix (Varian 
Inc., UK) to fill the void volume of the cells, and spiked with 25 ng of each of 13C-
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labelled TBBP-A, a-, b-and g-HBCD as internal standards. The ASE cells were extracted 
with hexane:dichloromethane (1 :9, v/v) at 90 ·c and 1500 psi. The heating time was 5 
min, static time 4 min, purge time 90 s, flush volume 50%, with three static cycles 
(Abdallah and Harrad 2011). The lipid weight of the studied samples was determined 
gravimetrically on separate aliquots using a standard procedure (the European Standard 
EN 1528-2, 1996). 
Sample Clean-up 
The crude extracts were concentrated to 0.5 mL using a Zymark Turbovap® II 
(Hopkinton, MA, USA) then washed with 3 mL of 98% sulfuric acid. After phase 
separation, the hexane layer was transferred onto a florisil column topped with sodium 
sulfate and eluted with 25 mL of hexane:dichloromethane (1: 1, v/v). The eluate was 
evaporated to dryness under a gentle stream ofNz and the dried extract was reconstituted 
in 200 f.!L of dwy-HBCD (25 pg f.!L-I in methanol) used as recovery determination (or 
syringe) standard to determine the recoveries of internal standards for QA/QC purposes 
(Abdallah and Harrad 2011). 
LC-ESI-MSIMS analysis 
Separation of TBCDs, PBCDs, HBCDs and TBBP-A was achieved using a dual 
pump Shimadzu LC-20AB Prominence liquid chromatograph (Kyoto, Japan) equipped 
with SIL-20A autosampler, a DGU-20A3 vacuum degasser and a Varian Pursuit XRS3 
Cis analytical column (150 mm x 2 mm I.D., 3 f.!m particle size). A mobile phase of (a) 
1:1 methanoVwater with 2 mM ammonium acetate and (b) methanol at a flow rate of 120 
f.!L min-I was applied for elution of the target compounds: starting at 50 % (b) then 
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increased linearly to 100 % (b) over 3 min, held for 5 min, followed by a linear decrease 
to 65% (b) over 2.5 min and held for 5.5 min. TBBP-A was eluted as a single peak at 9 
min. The three main HBCD diastereomers were baseline separated with retention times 
of 12.3, 12.9 and 13.3 min for a-, ~- andy- HBCD, respectively. Three well-resolved 
peaks were obtained for PBCD isomers at retention times 11.0, 11.6 and 11.9 min (Figure 
A.1 a) while 2 TBCD isomers eluted at retention times 9.2 and 9. 7 min (Figure A.l b). 
Separation of HBCD enantiomers was performed on a chiral permethylated fJ-
cyclodextrin LC column (200 mm x 4 mm I.D., 5 Jlm particle size) (NUCLEODEX beta-
PM, Macherey-Nagel; GmbH & Co, Dtiren, Germany). A mobile phase of (a) 1:1 
methanol/water with 2 mM ammonium acetate and (b) 3:7 methanol/acetonitrile at a flow 
rate of 500 JlL min- 1 was applied for elution of the target compounds. Full details of the 
chiral separation method can be found elsewhere (Abdallah and Harrad 2011). 
Mass spectrometric analysis was performed using a Sciex API 2000 triple quadrupole 
mass spectrometer (Applied Biosystems, Foster City, CA, USA) operated in electrospray 
negative ionization (ESI) mode. MS/MS detection operated in the multiple reaction 
monitoring (MRM) mode was used for quantitative determination of HBCD isomers 
based on mlz 640.6779, mlz 652.4779 and mlz 657.77 79 for the native, 13C-labelled 
and dwlabelled diastereomers, respectively. TBCDs and PBCDs were monitored via the 
transitions m/z 480.4779 and m/z 560.8779 respectively, while m/z 540.8779, m/z 
552.8779 were used to monitor native and 13C-labelled TBBP-A. Further details of the 
multi-residue analytical methodology used for separation and quantification of the 
studied BFRs can be found elsewhere (Abdallah and Harrad 2011). 
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Determination of lipid weight in milk 
Lipid weight was determined gravimetrically according to the European Standard EN 
1528-2:1996, Part 2. Briefly, approximately 10 mL of freeze-dried human milk was 
weighed and transferred into 100 mL separating funnel. One mLsaturated potassium 
oxalate was then added together with 10 mL of ethanol and 20 mL of hexane/diethyl 
ether (1:1, v/v). The mixture was shaken for about 15 min and the bottom layer was 
removed into another separating funnel before another 10 mL of hexane/diethyl ether 
(1: 1, v/v) together with 5 mL of ethanol was added. The lower layer was removed and the 
upper layer combined with the upper layer from the first funnel. Ten mL of water was 
added to this organic phase before the lower layer was again removed. The organic phase 
was filtered through anhydrous sodium sulphate and · then the lipid content was 
gravimetrically determined. 
Limits of Detection ( LOD) 
Method limits of detection (LODs) were estimated based on 3:1 S:N ratios and were 
9 , 10, 8 and 9 pg g-1 lipid weight (lw) for TBBP-A, HBCDs, TBCDs and PBCDs 
respectively. 
Quality assurance/Quality control 
Good recoveries (72-106%) of the 13C-labelled internal standards were obtained for 
all the studied compounds (Table A.1). Further assessment ofthe method extraction/clean 
up performance was achieved by spiking milk samples (n=5) with d18-a-HBCD prior to 
freeze-drying and excellent recoveries (>85%) were obtained (Table A.2). 
Neither TBBP-A or HBCDs were detected in method blanks (n=5; consisting of 2 g 
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pre-extracted anhydrous sodium sulfate treated exactly as a sample) or field blanks (n=5; 
consisting of ~2 g of broken pieces of the milk containers treated exactly as a sample). 
Therefore, there was no need for blank correction of the results and method limits of 
quantification (LOQ) were estimated based on 10:1 S:N ratios and were 30, 36, 26 and 31 
pg g·1 lipid weight (lw) for TBBP-A, HBCDs, TBCDs and PBCDs respectively. 
In the absence of an appropriate standard reference material for TBBP-A and 
HBCDs, the accuracy and precision of the analytical method for HBCDs was assessed via 
replicate analysis (n=7) of NIST SRM 2585 (organics in indoor dust). The results 
obtained compared favorably with the indicative values reported elsewhere (Keller et al. 
2007) (SI Table S3a). For TBBP-A, a standard addition or "matrix spike" method at 3 
concentration levels (n=S at each level) was used to assess the accuracy and precision of 
the method and good results were obtained (Table A.3b ). 
Data Analysis 
Concentrations of the target compounds detected in milk were lipid-adjusted. 
Concentrations below the LOQ were substituted with a value of Yz the limit of detection. 
LHBCD was calculated as the sum of a-, ~- and y-HBCD. Average concentrations were 
not calculated for compounds with <50% detection frequency. Log-normality of the 
target compounds was assessed and confirmed using quantile-quantile plots and Shapiro-
Wilks tests. Accordingly, concentrations of HBCDs were natural log-transformed and 
analyzed as continuous variables in the statistical models. Results of regression models 
using this outcome were exponentiated, yielding the percent change in :LHBCD per unit 
of predictor variable. 
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Due to lower detection frequencies, concentrations of TBBP-A, PBCDs, and TBCDs 
were categorized as dichotomous variables (detect/non-detect) for data analysis. For 
comparison to these compounds, HBCDs were divided on the median and categorized as 
high and low. The resulting binary variables were analyzed using logistic regression. 
Results are provided as odds ratios (ORs). For example, the odds of detecting PBCDs in 
milk samples in which TBBP-A was detected compared to the odds of detecting PBCDs 
in samples in which TBBP-A was not detected. 
Potential associations of the target compounds and the predictors were explored using 
scatter plots, box plots, Spearman' s correlation, and regression analyses using Microsoft 
Excel (Version 12.3.2) and SAS (Version 9.1.3). Food frequency data were converted to 
a linear scale. Statistical analyses used the criteria of a=O.OS for statistical significance. 
Potential confounding was evaluated as a greater than 1 0% change in effect estimate. 
Daily intake for infants to BFRs in our human milk samples was estimated using the 
following equation: 
D . C JRmilk .f l = BFR X BW X J lipid 
where Di is the estimated daily breast milk intake (ng kg-day-1); CBFR is the concentration 
of BFR in milk lipid (ng g-lw-1); !Rmak is the intake rate of breast milk per kilogram 
BW 
body weight per day (ml kg-day-\ and flipid is the lipid fraction in breast milk (g-lw 100 
mr1). Estimates of intake were based on both geometric mean (GM) and maximum 
concentrations ofBFRs (CBFR)· We assumed an average breast milk intake rate of 140 ml 
kg-day-1 and an upper bound of 190 ml kg-day-1 for an exclusively breastfeeding infant, 
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ages 1 to <3 months (USEPA 2011). This age range was selected because 90% of our 
samples were collected from mothers with 4 to 8 week old infants. The lipid fraction of 
consumed milk was assumed to be 4.0 g-lw 100 mr1 (USEPA 2011). Absorption was 
assumed to be 1 00%. 
Results 
Fifty women enrolled in the study and completed the questionnaire. Forty-six women 
provided a human milk sample (Wu et al. 2007) and 43 samples had sufficient volume for 
the current chemical analysis. Despite efforts to recruit a diverse population, the majority 
of participants were from Brookline and Cambridge. All participants from the Brookline 
and Cambridge locations were college educated whereas those from Lowell were not 
(Table A.4). 
Analyte Concentrations in Human Milk Samples 
We detected TBBP-A in 35% of the 43 analyzed samples with concentrations 
ranging from the LOQ of 30 to 550 pg g-lw-1 (Table 2.1) (Table A.5). We detected a- ~­
and y-HBCDs in all samples. a-HBCD was the dominant diastereomer comprising an 
average of 74% (range: 40-84%) of ~HBCDs, while ~- and y-HBCD comprised 9% 
(range: 3-20%) and 20% (range: 9-44%) of ~HBCDs, respectively. Levels of ~HBCDs 
ranged from 360 to 8100 pg g-lw-1 with a GM of 1020 pg g-lw-1• We observed a slight 
enrichment of the (-)a-HBCD enantiomer in our samples, whereas the enantiomer 
fractions of ~-HBCD and y-HBCD showed little deviation from a racemic composition. 
We detected PBCDs and TBCDs in 42% and 56% of analyzed samples; the GM of 
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TBCD was 50 pg g-lw- 1• Lipid content ofthe milk samples ranged from 0.57 to 4.69 g-lw 
100 mr' with a GM of 1.58 g-lw 100 mr'. 
Relationships between Analytes 
The HBCD diastereomers in the human milk samples were significantly correlated 
with one another (a-HBCD to ~- and y-HBCD rs=0.84; ~- and y-HBCD rs=0.75; 
p<0.001). Milk samples were previously analyzed for major congeners in the penta- and 
decaBDE mixtures. PentaBDE was not correlated with HBCDs (rs=-0.15, p=0.33). 
Correlations were not performed for TBBP-A or decaBDE due to low detection 
frequencies (<50%). 
Samples with high concentrations of I:HBCDs (e.g. , greater than median 
concentrations) were more likely to have detectable levels of the putative metabolites 
PBCDs or TBCDs compared to those with low levels of I:HBCDs (OR=12.9; 95% 
CI=2.82 to 58.6 and OR=20.3; 95% CI=4.18 to 98.2, respectively) (Table A.6). Similarly, 
samples with detectable levels of PBCDs were more likely to have detectable levels of 
TBCDs (OR=43.7; 95% CI=4.86-394). Samples with high levels ofi:HBCDs were more 
likely to have detectable concentrations of TBBP-A than samples with low levels of 
I:HBCDs (OR=4.25; 95% CI=1.08-16.8). 
Predictors of Analytes in Human Milk 
We used regression analyses to evaluate the relationships between concentrations of 
the target analytes in human milk and possible predictors of exposure from the 
questionnaire, including self-reported pre-pregnancy consumption of animal products 
(meat, fish, eggs, dairy, dairy fat) , regularly choosing organic foods, use and possession 
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of home electronics, home carpeting, typical methods of transportation, maternal age, 
pre-pregnancy body mass index, clinic location and highest completed education (Tables 
A.7 and A.8). 
The number of stereo and video electronics (e.g., TV s, CD player, DVD player, 
stereos, etc.) in the home was positively associated with body burdens of :LHBCDs 
(Figure la). Linear regression showed that the average concentration of 2:HBCDs in 
human milk increased 17% (95% CI=4-31 %) for every additional stereo or video item in 
the home (Table 2.2). This effect was stronger when restricted to stereo and video items 
other than televisions (22%/item; 95% CI=S-43%). We did not find associations with the 
number of computers or other small appliances, or reported hours of use. 
Mothers who reported they regularly chose organic foods had I:HBCDs levels in their 
milk that were 51 % (95% CI=32-82%) of those who did not (Figure lb). We found no 
association with consumption frequencies of animal products in univariate analyses or 
while controlling for regularly choosing organic foods (Table A.8). All mothers who 
indicated they regularly ate organic foods chose organic vegetables at least some of the 
time (n=29). Most of these mothers also ate organic meat or dairy at least some of the 
time (n=25). 
Mothers who reported regularly choosing organic foods had, on average, one fewer 
stereo or video electronic item in the home (p<O.OOOl). When included together in a 
multivariate model, effect estimates for these predictors decreased slightly suggesting 
minimal confounding (Tables 2.2, 2.3). Together they explain 22% of the variability in 
I:HBCD body burden of Boston mothers (R2=0.22; p=0.006). 
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Choice of organic food and numbers of stereo and video electronics in the home may 
be related to socioeconomic status (SES). As only four mothers had less than a college 
education, we repeated the regression analyses restricting our sample to mothers with a 
college education. This did not substantially change effect estimates for the univariate or 
multivariate models (Tables 2.2, 2.3). 
Although not statistically significant, we found that mothers who reported regularly 
using public transportation had lower average levels of2:HBCDs in their milk (0.71; 95% 
CI=0.43-1.18) and mothers whose homes were carpeted had higher average levels of 
2:HBCDs in their milk (1.39; 95% CI=0.84-2.29). There were no significant associations 
between 2:HBCDs in breast milk and any of the other potential predictors of exposure. 
Using logistic regression, we found that the odds of detecting TBBP-A in milk was 
lower for mothers who reported regularly using public transportation compared to those 
who did not (OR=0.18, 95% CI=0.03-0.94) (Table A.7). There were no significant 
associations between TBBP-A detection in breast milk and any of the other potential 
predictors of exposure. 
Discussion 
Analyte Concentrations in Human Milk Samples 
We detected TBBP-A in about a third of our human milk samples, whereas HBCDs 
were detected in all samples and at higher concentrations. The low detection frequency 
of TBBP-A may be due to preferential partitioning to serum and its relatively short half-
life, which reflects recent rather than cumulative exposure. Lower concentrations and 
detection frequencies of TBBP-A compared to HBCDs were also found in samples of 
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hwnan adipose tissue collected from New York City liposuction patients (Johnson-
Restrepo et al. 2008). This finding is also consistent with hwnan milk from the UK 
(analyzed by the same laboratory) and France (Table A.9) (Abdallah and Harrad 2011; 
Cariou et al. 2008). 
Consistent with observations from around the world, the predominant HBCD 
diastereomer in our samples was a-HBCD (Abdallah and Harrad 2011 ; Kakimoto et al. 
2008; Antignac et al. 2008; Polder et al. 2008; Shi et al. 2009; Eljarrat et al. 2009). Our 
median concentration of a-HBCD (620 pg g-lw-1) was similar to that reported previously 
for Texas, USA (500 pg g-lw-1) and lower than reported for Ontario, Canada (1600 pg g-
lw-1) (Table A.10) (Ryan et al. 2006). We know ofno measurements of other HBCDs in 
hwnan milk or serwn from the USA, and the Canadian study did not report 
concentrations of ~- or y-HBCD. Our median concentration ofLHBCD (790 pg g-lw-1) is 
higher than reported from Sweden (250 pg g-lw-1), similar to reported from Russia, the 
Philippines and Norway ( 450 to 860 pg g-lw-1), lower than reported from China, Ghana, 
Belgiwn, Canada, Vietnam, Mexico, and the UK (1000 to 3830 pg g-lw-1), and much 
lower than reported from Spain (27000 pg g-lw-1) (Ryan et al. 2006; Abdallah and Harrad 
2011; Polder et al. 2008; Shi et al. 2009; Eljarrat et al. 2009; Lignell et al. 2008; 
Malarvannan et al. 2009; Thomsen et al. 2010; Asante et al. 2011 ; Colles et al. 2008; Tue 
et al. 2010; Lopez et al. 2004). Caution should be used when interpreting these types of 
comparisons, as the populations were not sampled in a manner designed to be 
representative and analytical methods can differ between studies. However, our results 
appear generally consistent with lower production of HBCD in the USA compared to 
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Europe and Asia (Law et al. 2006). 
Enrichment of our milk samples with the (-)-a-HBCD enantiomer (EF average = 
0.44) is less than that observed in samples from the UK (EF average = 0.29) (Abdallah 
and Harrad 2011). Nevertheless, such enrichment with (-)-a-HBCD may indicate the 
presence of potential enantioselective processes involved with the absorption, metabolism 
and/or excretion of HBCDs. This hypothesis is supported by the previous reports of 
racemic HBCD chiral signatures in indoor dust and diet (Roosens et al. 2009; Harrad et 
al. 2009). Enrichment of both (-)a-HBCD and ( + )a-HBCD have been found in various 
species of fish and predatory birds, suggesting the influence of some enantioselective 
process (Janak et al. 2005; 2008). 
The UK study is the only other known study to report levels of the HBCD 
degradation products in human milk (Abdallah and Harrad 2011). The two studies had 
similar concentrations of TBCDs and both studies detected PBCDs less frequently than 
TBCDs (Tables A.ll and A.12). Possible explanations for the latter include in vivo 
biotransformation, intake of dust contaminated with PBCDs and TBCDs, and/or reflect 
the ratio of impurities in the technical mixture (Brandsma et al. 2004; Abdallah and 
Harrad 2011). 
Relationships Between Analytes 
The correlation between HBCD diastereomers in our human milk samples was 
expected and is consistent with a common source of exposure. The lack of correlation 
between pentaBDE and LHBCDs is consistent with differences in exposures sources, as 
the major use of pentaBDE was as an additive to polyurethane foam (e.g., couches, 
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chairs). 
Our fmdings support the hypothesis that PBCDs and TBCDs are degradation products 
of HBCDs and/or trace compounds in the technical mixture. The weak, positive 
relationship between TBBP-A and HBCDs suggests related sources or routes of 
exposure, however more research is needed to follow-up on this finding. 
Predictors of Analytes in Human Milk 
The number of domestic stereo and video electronics was positively associated with 
HBCD body burdens in our population. A Norwegian study also found a positive, 
although statistically insignificant, trend between levels of LHBCDs in mother's milk and 
the number of televisions in the home (Thomsen et al. 201 0). In our population, the 
association was stronger for stereo and video electronics other than televisions (e.g., CD 
players, DVD players, stereos, etc.). These findings are consistent with reported use of 
HBCDs in the plastic housing of consumer electronics, its identification in indoor dust, 
and the positive correlation between levels in dust and serum (Roosens et al. 2009; 
Harrad et al. 2009; Abdallah et al. 2008b). To our knowledge it is not known if HBCD is 
used to a greater extent in other stereo and video electronics compared to televisions. 
Previous work in the USA identified DecaBDE in televisions (Allen et al. 2008), 
suggesting this may be true. However, a study from the UK found increasing 
concentrations of HBCD in dust with decreasing distance from a television set (Harrad et 
al. 2009). 
Mothers who reported regularly choosing organic foods had lower levels of LHBCDs 
in their milk than those who did not. This association is likely not due to differences in 
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consumption of animal products as, similar to a Belgian duplicate diet study and a 
Norwegian dietary questionnaire study, we failed to find associations between 
consumption of meat, fish or dairy and I:HBCDs in human milk (Roosens et al. 2009; 
Thomsen et al. 2010). It is possible that organic foods consumed by mothers in our study 
contained lower levels of HBCD than non-organic foods. No known data exist for levels 
of HBCD in organic vs. non-organic foods and we are aware of no studies reporting 
levels of HBCD in US foods during our study period (2004-2005). A 2009 market basket 
survey conducted in Dallas, Texas identified HBCD in fish, red meat, poultry and peanut 
butter but not dairy, eggs, potatoes or apples (Schecter et al. 2010). The study did not 
report whether any of the food items were certified USDA Organic. 
Alternatively, the associations we found with organic food choice and numbers of 
electronics may be confounded by unmeasured lifestyle choices and behaviors. We 
attempted to control for SES by restricting our analysis to college-educated mothers. 
While this reduced the observed associations only slightly (Tables 2.2, 2.3), there remains 
the potential for residual uncontrolled confounding by SES within this group. 
Although not statistically significant, mothers who reported regularly using public 
transportation had lower average levels of I:HBCDs in their milk. While these mothers 
also spent less time in a personal vehicle per week, we did not find an association 
between this predictor and HBCD body burden. Possible explanations include exposure 
misclassification, which tends to bias results towards the null, or confounding by an 
unmeasured lifestyle factor. HBCDs have been detected in car dust at levels in the UK 
that exceed significantly those in home and office dust (Abdallah et al. 2008a). We are 
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not aware of reported levels for other modes of transportation (e.g. , trains, buses). 
As study participants were all first-time mothers, our findings may not be 
generalizable to the overall population. For example, women at this stage of their lives 
may make different food selections. However, these women represent a population of 
particular importance, as these measurements are reflective of their children' s exposures 
during a developmentally sensitive period. Daily intake estimates for infants (1 to <3 
months) are presented in Table A.13 for LHBCDs (GM=5.7 ng kg-daf1) and TBBP-A 
(range: <0.17 to 4.2 ng kg-daf1). As human milk is an ideal food for infants our findings 
do not negate the healthfulness and importance of breastfeeding, rather highlight the 
importance of considering infant exposure in the management of organic pollutants such 
as TBBP-A and HBCDs. 
Strengths of our study include the measurement of less studied xenobiotics in a 
potentially vulnerable population and the use of a detailed exposure questionnaire. 
Limitations include a relatively small sample size as well as a lack of measurements of 
the target compounds in dust, electronics and various types of food. Self-reporting of 
' regularly eating organic foods ' is imprecise and may introduce some bias. Absence of a 
more sensitive measure of SES may mean there is residual confounding. As we examined 
many potential associations, it is possible that some fmdings are due to chance. Future 
research on human exposure to TBBP-A and HBCD should measure these analytes in 
dust (and possibly air) of participant microenvironments (home, workplac.e, vehicle) at 
the same time as collecting detailed measures of socioeconomic status and related 
lifestyle factors. Additional research is needed on HBCDs in organic vs. non-organic 
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food. 
In summary, we found TBBP-A and HBCDs in the milk of first-time mothers from 
the Boston, MA area during 2004-2005 at concentrations within the range of those 
measured in several other countries. Our results suggest that body burdens of these BFRs 
are related to lifestyle factors, potentially including diet and domestic electronics. Further 
research is needed to examine these findings and monitor future trends. 
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Table 2.1: Concentrations of target compounds, lipids and enantiomer fractions of 
HBCD in the 43 analyzed human milk samples 
Analyte (pg g-lw-1) o/o Detect Geometric Mean Range (Geometric SD) 
TBBP-A 35% NR <30 -550 
LHBCDs 100% 1020 (2.2) 360-8100 
a-HBCD 100% 710 (2.2) 250-4430 
~-HBCD 100% 80 (2.3) 30- 1640 
y-HBCD 100% 200 (2.4) 70-3200 
PBCDs 42% NR <30- 320 
TBCDs 56% 50 (3.7) <30- 530 
Lipid content (g 100 ml-1) 1.58 (1.65) 0.57-4.69 
Enantiomer Fraction Mean (SD) Range 
a-HBCD 0.44 (0.05) 0.36-0.53 
~-HBCD1 0.51 (0.02) . 0.47-0.54 
y-HBCD 0.52 (0.03) 0.48-0.57 
1 Enantiomer fraction determined for 49% of samples . 
NR: not reported due to low detection frequency (<50%) 
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Table 2.2: Univariate linear regression of l:HBCDs human milk samples potential 
predictors from the questionnaire 
Full Dataset College Graduates Only 
Predictor Multiplicative n Multiplicative n Increase (95% CI) Increase (95% CI) 
Number of Electronics in the Home 
Stereo & Video Items 1.17 (1.04- 1.31) 43 1.17 (1.03- 1.34) 39 
Televisions 1.18 (0.93- 1.49) . 43 1.21 (0.92- 1.56) 39 
Stereo & Video Items 1.22 ( 1.05 - 1.43 )* 43 1.19 (1.01 39 
other than Televisions 1.41)* 
Carpeted home 
No Reference 17 Reference 15 
Yes 1.39 (0.84- 2.29) 26 1.35 (0.80 - 2.27) 24 
Regularly uses public transportation 
No Reference 28 Reference 26 
Yes 0.71 (0.43- 1.18) 15 0.67 (0.40- 1.14) 13 
Regularly eats organic 
No Reference 17 Reference 13 
Yes 0.51 (0.32- 0.82)* 26 0.55 (0.33- 0.91) 26 
Race 
Not White Reference 5 Reference 3 
White 0.51 (0.24- 1.07) 38 0.62 (0.24- 1.59) 36 
Highest completed education 
High school Reference 4 NA 0 
College 0.50 (0.22- 1.44) 39 NA 39 
*Statistically significant at the a= 0.05 level. 
Coefficients represent the multiplicative increase in breast milk concentrations per item 
(for continuous variables) or relative to the reference group (for categorical variables). 
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Table 2.3: Multivariate linear regression for average levels of l:HBCDs in the 
analyzed human milk samples 
Predictor 
Full Dataset 
Multiplicative Increase 
(95% CI) 
Number of Electronics in the Home 
Stereo & Video Electronics 
other than Televisions 
Regularly eats organic 
No 
Yes 
1.14/item (0.97- 1.35) 
Reference 
0.61 (0.37- 1.01) 
0.22 (p=0.006)* 
*Statistically significant at the a= 0.05 level. 
College Graduates Only 
Multiplicative Increase 
(95% CI) 
1.13/item (0.95- 1.35) 
Reference 
0.62 (0.37 - 1.06) 
0.18 (p=0.03)* 
Coefficients represent the multiplicative increase in breast milk concentrations per item 
(for continuous variables) or relative to the reference group (for categorical variables). 
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Figure 2.1: Significant predictors of I:HBCD body burden 
a) Mothers who had 7 or more stereo and video electronics in their home (e .g., TVs , CD 
players , DVD players , stereos , etc.) had higher average levels of .LHBCDs in their milk 
than those who had 4 or fewer (153 %, 95% Cl=34%-375%). b) Mothers who reported 
regularly choosing organic foods had lower average levels of .LHBCDs in their milk than 
those who did not (51 %, 95% Cl=32%-82%). 
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Abstract 
Tris(l ,3-dichloro-2-propyl) phosphate (TDCPP) is a flame retardant widely used in 
furniture containing polyurethane foam . It is a carcinogen, endocrine disruptor, and 
potentially neurotoxic . Our objectives were to characterize exposure of adult office 
workers (n=29) to TDCPP by measuring its primary metabolite, bis(l ,3-dichloro-2-
propyl) phosphate (BDCPP), in their urine; measuring TDCPP in dust from their homes; 
offices and vehicles; and assessing possible predictors of exposure. We identified TDCPP 
in 99% of dust (GM=4.43 J.Lglg) and BDCPP in 100% of urine samples (GM=408 
pg/mL). Concentrations of TDCPP in dust were significantly higher in vehicles 
(GM=12.5 J.Lg/g) and offices (GM=6.06 J.Lglg) than in dust from the main living area 
(GM=4.21 J.Lg/g) or bedrooms (GM=1.40 J.Lglg) of worker homes. Urinary BDCPP 
concentrations among participants who worked in a new office building were 26% of 
those who worked in older buildings (p=O.Ol). We found some evidence of a positive 
trend between urinary BDCPP and TDCPP in office dust that was not observed in the 
other microenvironments and may be related to the timing of urine sample collection 
during the afternoon of a workday. Overall our findings suggest that exposure to TDCPP 
in the work environment is one of the contributors to the personal exposure for office 
workers. Further research is needed to confirm specific exposure sources (e.g., 
polyurethane foam) , determine the importance of exposure in other microenvironments 
such as homes and vehicles, and address the inhalation and dermal exposure pathways. 
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Introduction 
Tris(l ,3-dichloro-2-propyl) phosphate (TDCPP) is a semi volatile flame retardant that 
was removed from use in children's pajamas in the early 1980s due to concerns regarding 
mutagenicity (Gold et al. 1978; Lynn et al. 1981; Soderlund et al. 1985). Today it is 
widely used at percent levels as an additive to polyurethane foam, a material commonly 
found in upholstered sofas, chairs, vehicles, and many baby products (Stapleton et al. 
2009, 2011). Similar to other additive flame retardants, it may escape products via 
volatilization or physical breakdown of polymers (Webster et al. 2009). TDCPP is found 
in household dust, where it can likely lead to human exposure (Allen et al. 2008a; 
Meeker and Stapleton 2010; Watkins et al. 2011; Wu et al. 2007). Potential health effects 
remain a concern as an increased incidence of testicular tumors has been found in rats 
(Freudenthal and Henrich 2000). In 2011, TDCPP was added to the Proposition 65 list of 
chemicals known by the State of California to cause cancer (CalEPA 2011a). In vitro 
studies suggest TDCPP may be nephro- and neurotoxic and increased concentrations in 
household dust were associated with decreased semen quality and reduced free thyroxine 
in Boston-area men, suggesting possible effects on fertility and thyroid function (Dishaw 
et al. 2011; Meeker and Stapleton 2010; Soderlund et al. 1985). 
Animal studies show TDCPP is readily absorbed through both the skin and 
gastrointestinal tract (Nomeir et al. 1981). Following rapid distribution through the body, 
TDCPP is quickly metabolized to bis(1 ,3-dichloro-2-propyl) phosphate (BDCPP) and 
excreted primarily in urine (Lynn et al. 1981; Nomeir et al. 1981). In vitro investigation 
of human metabolism of TDCPP is consistent with rodent studies, yielding BDCPP as the 
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primary metabolite (Cooper and Stapleton 2011). The half-life of TDCPP in rats ranges 
from 1.5-5.4 hours depending on the tissue (Nomeir et al. 1981). The half-life in humans 
is not known but is likely to be similarly short. 
The nature and extent of human exposure to TDCPP is not well understood, but it has 
been found at high concentrations and detection frequencies in household dust (van der 
Veen and de Boer 2012). Similar to polybrominated diphenyl ether (PBDE) flame 
retardants, hand-to-mouth behavior may be an important route of exposure (Watkins et al. 
2011). Methods were recently developed for measuring BDCPP in human urine; BDCPP 
has no known source other than as a metabolite of TDCPP (Cooper et al. 2011). The 
objectives of our study were therefore to 1) characterize human exposure by measuring 
urinary BDCPP in a cross-sectional sample of adult office workers, 2) measure TDCPP in 
dust from their microenvironments (homes, vehicles and offices), and 3) assess possible 
predictors of exposure. 
Methods 
Study Design 
We recruited a convenience sample of 31 adults who worked and lived in the Boston, 
Massachusetts (USA) area. The study population consisted of 26 female and 5 male 
healthy non-smokers. The population was 90% white, had a median age of 49 years, and 
worked at least 18 hours per week in an enclosed office (excluding cubicles). From 
January through March 2009, we collected dust from each participant's 
microenvironments (office, vehicle, bedroom and main living area [MLA]) and 
administered a questionnaire within the course of one week. Three to six months later 
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(June- July 2009) we collected a spot urine sample from 29 of the 31 participants. The 
urine samples were collected to supplement a study designed to evaluate office worker 
exposure to PBDEs (Watkins et al. 2011) . The Boston University Medical Center 
Institutional Review Board approved the study protocol, and all participants gave their 
informed consent. 
Participant offices were located in seven different buildings and categorized into three 
groups. Building A (6 offices) was constructed approximately one year before the study 
began and therefore had a modern HV AC system, sealed windows, new carpets and 
newly purchased polyurethane foam office chairs in all offices. Building B (17 offices) 
was partially renovated one year before the study began. These renovations included 
some new carpeting, but new furniture was not purchased. The five 'Other' buildings (8 
offices) were not known to have undergone recent renovation. All offices had at least one 
office chair and all but one of the 31 offices was carpeted (Other category). 
Dust samples 
We collected dust samples using cellulose extraction thimbles (Whatrnan Inc., 
Piscataway, NJ) as previously described (Allen et al. 2008b). Each microenvironment 
was vacuumed for approximately 10 min. In the office, MLA, and bedroom, we 
vacuumed the entire floor surface area of the room, including accessible floor space 
under desks as well as the tops of immovable furniture. In two of the homes (a shared 
apartment and a studio) we collected dust from only one microenvironment. In vehicles, 
we vacuumed the entire accessible surface area of the front and back seats. Only 20 
participants owned a vehicle. We measured and recorded the surface area, temperature, 
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relative humidity , and other characteristics of each microenvironment such as the 
presence of carpeting. 
After sample collection, each thimble was wrapped in aluminum foil, sealed in a 
polyurethane bag and stored at room temperature until processed. We collected dust field 
blanks by vacuuming sodium sulfate powder (as a surrogate for dust) placed on clean 
aluminum foil. Dust samples were sieved to collect particles < 500 I-LID in size , placed in 
clean amber glass jars , and stored at -20° C. Dust samples (--300 mg) were analyzed for 
TDCPP using gas chromatography/mass spectrometry operated in electron-capture 
negative-ionization mode as previously described (Stapleton et al. 2009). For quality 
assurance purposes, we quantified TDCPP in laboratory blanks (n=3) and ran three 
samples in duplicate. Laboratory blanks consisted of 5.0 g of sodium sulfate extracted 
alongside the samples. TDCPP measured in laboratory blanks (4.56 ± 1.13 ng/g) was 
lower than in field blanks (31.7 ± 11.7 ng/g). The method detection limit (MDL) of 35.0 
ng/g was calculated using three times the standard deviation of the field blanks. The 
relative standard deviation of duplicate samples ranged from 5.5 to 20%. TDCPP could 
not be quantified in one office and one vehicle dust sample due to a chromatographic 
interference with the TDCPP peak. 
Urine samples 
A single urine sample was collected m a sterile polypropylene cup from each 
participant during the afternoon (1 ~ pm) of a workday (Tuesday-Friday). Participants 
were asked for the time of their last urination andif there had been any changes in the 
office , home, or vehicle since the dust sampling. One urine field blank sample was 
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collected by transferring deionized water from one sterile polypropylene cup to another 
during sampling. TDCPP was not detected in the field blank. A refractometer (Atago, 
Bellevue, WA, USA) was used to measure the specific gravity (SG) of each sample 
within an hour of collection. Samples were stored at -80° C. 
BDCPP was measured in urine samples using mixed-mode anion exchange solid 
phase extraction and a mass-labeled internal standard (D10-BDCPP) with analysis by 
atmospheric pressure chemical ionization liquid chromatography tandem mass 
spectrometry as previously described (Cooper et al. 2011). For quality assurance 
purposes, we quantified BDCPP in laboratory blanks (n=3; 5 mL of deionized water) and 
ran five samples in duplicate. Recoveries of the internal standard, D10-BDCPP, averaged 
99 ± 19%. BDCPP was present at very low levels in laboratory blanks (1.78 ± 1.25 
pg/mL). The MDL of 3.75 pg/mL was calculated using three times the standard deviation 
of the laboratory blanks. The relative standard deviation of duplicate samples averaged 
7.3%. Urinary creatinine was measured using an enzymatic assay (Diazme, Poway, CA, 
USA) with a colorimetric endpoint analyzed on a plate reader (FLUOStar Optima). 
Questionnaire 
We administered a questionnaire to collect information on demographics and personal 
habits such as time spent in the office and vehicle per week, as well as the average 
number of times per day each participant washed their hands. Information on 
handwashing was collected as < 2 times/day, 2-4 times/day, 4-6 times/day, or ;:::6 
times/day. For data analysis, we collapsed the four categories into two: <6 times/day (low 
handwashers) and ;:::6 times/day (high handwashers). 
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Data Analysis 
We corrected concentrations of BDCPP in urine and TDCPP in dust by subtracting 
the mean of laboratory and field blanks, respectively. Sample concentrations <MDL were 
substituted with a value of MDL/2. To account for urinary output, concentrations of 
BDCPP in urine were normalized to urine SG and creatinine (Cooper et al. 2011); the two 
were highly correlated (rs=0.94, p=0.001). The SG-adjusted data was used in all analyses. 
Concentrations of BDCPP in urine and TDCPP in dust were not normally distributed 
(Shapiro-Wilk test, p<0.05), but were approximately log-normal. Accordingly, we natural 
log-transformed data prior to analysis and report the geometric mean (GM) and geometric 
standard deviation (GSD). We used non-parametric tests including the Wilcoxon rank 
sum test for comparison across categories and Spearman's rank order (rs) correlation 
coefficients to examine associations between continuous variables. We used linear 
regression models to determine predictors of In BDCPP concentrations in urine and In 
TDCPP in dust. To aid interpretation , results of the regression analysis (~-coefficients) 
were exponentiated (eP) to provide the multiplicative change in outcome (See 
Supplementary Data for details). Data points with Cook' s distance exceeding 4/n (where 
n =number of samples) were considered influential. Potential confounding was evaluated 
as greater than a 10% change in effect estimate. All statistical analyses were performed 
using SAS (version 9.1; SAS Institute Inc., Cary, NC) with statistical significance defined 
as a= 0.05. 
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Results 
Analyte Concentrations in Dust and Urine 
We detected TDCPP in 99% of dust samples with concentrations ranging from <0.03 
to 326 j..Lg/g with a GM of 4.43 j..Lg/g (Table 1). GM concentrations of TDCPP in dust 
from vehicles (GM=12.5 j..Lg/g) and offices (GM=6.06 j..Lg/g) were significantly higher 
than in dust from the MLA (GM=4.21 f.Lg/g) or bedroom (GM=1.40 f.Lg/g). GM 
concentrations of TDCPP in dust from MLAs were significantly higher than in dust from 
bedrooms , although concentrations in these paired samples were positively correlated 
(r5=0.63, p<0.001) (Table B.l). Office dust concentrations were uncorrelated with 
concentrations in dust from homes or vehicles. Vehicle dust concentrations were weakly 
but non-significantly correlated with MLA and bedroom dust concentrations. The 
concentration of TDCPP in dust from the one non-carpeted office (0.06 f.Lg/g) was much 
lower than other offices. 
We detected BDCPP in 100% of urine samples. SG-adjusted concentrations ranged 
from 62.1 to 1760 pg/mL with a GM of 408 pg/mL (Table 3.1). 
Predictors ofTDCPP in Dust 
Linear regression of carpeted offices showed that TDCPP in dust from Building A 
was only 30% of concentrations in the Other buildings (p=0 .04) and non-significantly 
lower than in Building B (Figure 3.la, Table 3.2). Concentrations of TDCPP in vehicle 
dust were not associated with year of manufacture (Figure B.l), make , model or seat type 
(leather/upholstery). Home and office dust concentrations were not associated with room 
characteristics such as time and area vacuumed, temperature or humidity. None of the 
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homes had wall-to-wall carpeting, and the presence of rugs was not associated with 
concentrations ofTDCPP in house dust (data not shown). 
Predictors of BDCPP in Urine 
Office building was a strong, statistically significant predictor of urinary BDCPP 
(Table 2.3). The GM concentration of urinary BDCPP among Building A workers was 
only 26% of the GM concentration among workers in the Other office buildings (p=O.Ol) 
and 30% of the GM concentration among Building B workers (p=O.Ol) (Figure 3.lb, 
Table 3.3) . Urinary BDCPP was not significantly different between workers in Building 
B and workers in the Other office buildings. 
Other predictors that were not statistically significant, but were suggestive of a 
relationship with urinary BDCPP included concentrations of TDCPP in dust from worker 
offices (but not homes or vehicles) , participant age, and handwashing frequency (Table 
3.3). Results of linear regression analysis using three categories of TDCPP concentrations 
in office dust suggested a 13% and 44% increase in average urinary BDCPP 
concentration for participants with medium and high concentrations of TDCPP in their 
office dust compared to those with low concentrations (p=0.79 and p=0.43, respectively). 
Examined continuously, we found some evidence for a positive trend between urinary 
BDCPP and TDCPP in office dust that was not observed for dust from other 
microenvironments (Figures 3.2 and B.2). Restricting the analysis to carpeted offices 
(n=28) revealed a weak, but non-significant correlation between urinary BDCPP and 
TDCPP in office dust (r5=0.33 , p=0.09). We evaluated this relationship for reported 
changes to the office environment. One participant had begun using an air purifier in the 
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office (Pl), another had recently purchased new office chairs (P2), and a third had 
recently changed offices on the same floor (P3). Pl was identified as an influential point 
using Cooks Distance, but not P2 or P3. Removal of Pl from the analysis of carpeted 
offices resulted in a stronger correlation between urinary BDCPP and TDCPP in office 
dust (r5=0.45 , p=0.02) and also strengthened results from the linear regression (Table 
B.2). 
The relationship between unnary BDCPP and TDCPP in office dust may be 
influenced by handwashing frequency. Although statistical power to evaluate this factor 
was limited by a small sample size we observed that low hand-washers (<6 times/day) 
with high concentrations of TDCPP in their office dust (> 7.6 1-1g/g) had the highest 
concentrations of urinary BDCPP (GM=599 pg/mL) compared to the other combinations 
of dust and handwashing categories. The GM urinary BDCPP concentration in this high 
dust, low handwashing group was approximately twice that found in the low dust, high 
handwashing category (GM=297 pg/mL; p=O.ll) (Figure 3.3). 
We evaluated potential confounding of the relationship between urinary BDCPP and 
office building using multivariate linear regression and found no evidence of 
confounding by participant age, handwashing, or TDCPP in office dust (Tables B.3-B.5). 
The coefficients for dust were reduced when included in a multivariate model with office 
building, suggesting that the TDCPP in office dust may be an intermediate variable 
between building and urinary BDCPP. As concentrations of TDCPP in dust from offices 
were uncorrelated with dust from homes or vehicles, exposure in the latter 
microenvironments should not confound associations between TDCPP in office dust and 
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urinary BDCPP. 
Other factors such as time since last urination, sex, age, body mass index, hours spent 
in office and vehicle per week, and commuting type were evaluated but not found to be 
predictors of urinary BDCPP (data not shown). 
Discussion 
This is the first study to utilize urinary BDCPP as a biomarker of TDCPP exposure in 
office workers and to characterize TDCPP in dust from multiple microenvironments. Our 
results suggest that TDCPP is pervasive in the indoor environment, that its metabolite 
BDCPP is ubiquitous in office worker urine, and that the office environment may 
contribute to human exposure. 
We detected TDCPP in 99% of dust samples from participant microenvironments, 
demonstrating the widespread presence of this flame retardant in the indoor environment. 
The major source of TDCPP in our dust samples is likely upholstered furniture and other 
products containing polyurethane foam (e.g., office chairs, vehicle seats, couches) 
(Stapleton et al. 2009, 2011). Concentrations of TDCPP in dust from participant homes 
were similar to those found in dust from home vacuum cleaner bags in a previous 
Boston-area study (n=50, GM=1.89 j..tg/g) (Stapleton et al. 2009). The high 
concentrations we observed in dust from offices may reflect requirements by the City of 
Boston that office furniture meet California fire retardant standards, a rule that is not 
required of residential furniture in Boston (Boston Fire Department 1995). The high 
concentrations of TDCPP in dust from participant vehicles may also reflect fire standards 
specific to automobiles, or may reflect differences in sample collection for vehicles 
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compared to the other microenvironments. Higher average concentrations of TDCPP in 
participant MLAs compared to bedrooms are consistent with expectations, based on the 
distribution of sources within the home. MLAs typically contain upholstered furniture 
such as couches and chairs that may have flame retardant treated polyurethane foam, 
whereas bedrooms likely contain fewer of these items; standard USA mattresses typically 
use barrier technology rather than additive flame retardants to meet fire standards (CPSC 
2006a). The moderate correlation observed between concentrations of TDCPP in dust 
from the MLAs and bedrooms of participant homes may reflect transport within the home 
and is consistent with previous observations for PBDEs (Allen et al. 2008b; Watkins et 
al. 2012). We hypothesized that newer vehicles would have higher concentrations of 
TDCPP in dust compared to older vehicles due to the phase out of PentaBDE since 2004; 
however, we found no trend with vehicle age, suggesting that TDCPP has been used as a 
flame retardant in this application since at least 1995. 
We identified BDCPP in all urine samples and at concentrations similar to those 
found in a small pilot study conducted elsewhere in the USA (n=9, GM=410 pg/mL) 
(Cooper et al. 2011). The office environment was our strongest predictor of urinary 
BDCPP. Working in a new office building (Building A) was associated with significantly 
lower urinary BDCPP, as well as lower concentrations of TDCPP in office dust. The 
association we observed between urinary BDCPP and concentrations of TDCPP in office 
dust (but not with dust from other microenvironments) further supports this finding. 
Exclusion of the one uncarpeted office and the office with a recently installed air purifier 
(P1) greatly strengthened the observed relationship between urinary BDCPP and TDCPP 
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in office dust. Air cleaners have been shown to trap flame retardants, including TDCPP 
(Takigami et al. 2009). The air purifier was placed in the Pl office after the dust sampling 
but before the urine sampling, thus may have reduced the worker's exposure. However, 
more research on the effect of air purifiers on exposure is needed. It is unclear why dust 
concentrations of TDCPP in the single, uncarpeted (tile floor) office were extremely low. 
There are multiple characteristics of Building A that may have contributed to 
decreased worker exposure. For example, Building A may contain fewer sources of 
TDCPP. The majority of upholstered furniture (mainly office chairs) in Building A 
offices was purchased new within the year prior to our study. The low concentrations of 
TDCPP in Building A offices suggest that the new furniture did not contain TDCPP or 
that it had not yet had sufficient time to migrate out of the products. Other differences 
between buildings may also explain our results; possibilities include HV AC systems or 
cleaning methods. More research is needed to determine factors that influence TDCPP 
concentrations in dust in relation to building contents and characteristics. 
The association we observed between urinary BDCPP and concentrations of TDCPP 
in office dust (but not with dust from other microenvironments) was likely influenced by 
collection of urine samples during the afternoon (1-4 pm) of a workday (Tuesday-
Friday), coupled with relatively quick metabolism of TDCPP and urinary excretion of its 
metabolite. Interestingly, a previous study of PBDEs in this same population found 
concentrations of PentaBDE in dust from the home (MLA and bedroom) were 
significantly correlated with concentrations of PentaBDE in serum, whereas 
concentrations in dust from the office were not (Watkins et al. 2012). This contrast may 
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be due to the more persistent nature of PentaBDE congeners in the body, activity pattern 
differences by microenvironment, and/or potential differences in exposure route 
contribution. For example , studies suggest the primary exposure route for PBDEs in the 
USA is related to dust ingestion whereas dermal or inhalation exposure to TDCPP may 
also be important (CPSC 2006b; Hughes et al. 2001; Watkins et al. 2011). 
Similar to PBDEs, our results suggest that frequent handwashing may decrease 
personal exposure to TDCPP (Watkins et al. 2011). However , this association was 
comparatively weaker for TDCPP and not statistically significant, possibly due to the 
differences in exposure routes previously discussed. 
We used an uncertain central exposure factor for adults (30 mg/day) recommended by 
the U.S. Environmental Protection Agency (USEPA 2011) and the GM TDCPP 
concentration in office dust to estimate dust ingestion of TDCPP in our population as 
roughly 0.2 1-Lg/day. This yields 0.1 1-Lg/day of BDCPP assuming complete absorption and 
metabolism of TDCPP to BDCPP (Cooper and Stapleton 2011) (Table B.6). Based on the 
GM BDCPP concentration in office worker urine (unadjusted for SG) and the daily 
output range for adults, we estimate total daily urinary output in our population to be 
about 0.1-0.4 1-Lg/day . Assuming steady state , these rough estimates of input and output 
match well given the uncertainties. We also assume concentrations of TDCPP in office 
dust remained relatively constant over the 3-6 months between dust and urine sampling. 
This is likely a fair assumption, as average concentrations of PBDEs in house dust were 
previously found to not differ significantly over an 8 month period when there was little 
change in room furnishings (Allen et al. 2008b). 
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Strengths of our study include the collection of an exposure biomarker along with 
dust from multiple microenvironments. Limitations include a relatively small sample 
size, a lack of data on dietary intake of TDCPP, a several-month delay between collection 
of dust and urine, and the use of a single urine sample per person. No data are available 
on BDCPP concentrations in urine over time or differential biotransformation capacity 
between individuals. The delay between urine and dust collection may be important for 
TDCPP, which is believed to have a short half-life in humans. However, the expected 
random error introduced by such delays, as well as interindividual variability, would tend 
to bias results toward the null. Spot urine samples were collected at work during the 
afternoon. Collection at other times may better reflect exposure in other 
microenvironments. We were unable to assess the influence of TDCPP inhalation on 
exposure. Estimates of the vapor pressure of TDCPP vary greatly, but fall within the 
semivolatile range (CalEPA 2011b; FFRP 2005; Wescher and Nazaroff 2008). 
Concentrations of TDCPP in dust and air are therefore likely correlated, and may explain 
some of our results. More research on inhalation exposure to TDCPP is needed. We were 
unable to examme specific sources of TDCPP within each office (i.e., 
concentrations/presence in furniture) as predictors of concentrations in dust or personal 
exposure. Urinary BDCPP concentrations may be higher than reported due to the use of 
plastic collection cups (Cooper et al. 2011). Finally, we used a convenience sample of 
participants. While this would not affect the internal validity of our findings, caution is 
needed in generalizing results to other populations. 
Overall our findings suggest that exposure to TDCPP in the work environment is one 
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of the contributors to the personal exposure for office workers. The positive trend 
between urinary BDCPP and TDCPP in office dust suggests a potential pathway of 
exposure. Further research is needed to confirm specific exposure sources (e.g., 
polyurethane foam), determine the importance of exposure in other microenvironments 
such as homes and vehicles, and address the inhalation and dermal exposure pathways. 
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Table 3.1: Measurements of target compounds in office worker urine and dust 
%Detect (n) GM(GSD) Range 
BDCPP in Urinea (pg/mL) 100% (29) 408 (2.6) 62.1- 1760 
TDCPP in Dust (!-Lg/ g) 99% (110) 4.43 (4.5) <0.03- 326 
Bedroom 100% (29) 1.40* (2.5) 0.27- 18.2 
Main Living Area 100% (31) 4.21 * (2.7) 0.56- 30.6 
Office 100% (30) 6.06* (5.4) 0.06-72.0 
Vehicle 95% (20) 12.5* (6.5) <0.03- 326 
*Contrasts between microenvironments were all significantly different (p<0.05, 
Wilcoxon rank sum test) except for office vs. vehicle. 
a Adjusted for specific gravity 
63 
Table 3.2: Predictors of TDCPP in dust from carpeted offices (n=30). 
Office Building n GM (Jtglg) Multiplicative Increasea (p-value) 
Building A 6 4.55 0.30 (0.04)* 
Building B 17 8.59 0.56 (0.22) 
Other 7 15.41 Reference 
*Statistically significant at the a=0.05 level. 
3Multiplicative increase in dust concentration relative to the reference group. 
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Table 3.3: Predictors of BDCPP in office worker urine (n=29) 
Predictor 
Office Building 
Building A 
Building B 
Other 
TDCPP in office dust 
High (> 10 f.Lglg) 
Medium (5 .3 to 10 f.Lg/g) 
Low(< 5.30 f.Lg/g) 
Age 
~57 
38 to 56 
5, 37 
Hand-washings/day 
~6 
n 
6 
16 
7 
10 
10 
9 
9 
10 
10 
12 
GM (pg/mL) Multiplicative Increasea (p-value) 
152 0.26 (0.01)* 
503 0.85 (0.68) 
590 Reference 
497 1.44 (0.43) 
390 1.13 (0.79) 
345 Reference 
286 0.47 (0.09) 
376 0.61 (0.26) 
611 Reference 
293 0.57 (0.12) 
<6 17 515 Reference 
*Statistically significant at the a=0.05 level. Building A is also significantly lower than 
Building B (p=0.01) 
aMultiplicative increase in urinary metabolite relative to the reference group. 
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Figure 3.1: Box plots depicting the GM, quartiles and range for concentrations of: 
a) TDCPP in office dust and b) worker urinary BDCPP; by office building 
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Figure 3.2: Relationship between TDCPP in dust from worker offices and BDCPP in 
urine 
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Figure 3.3: . GM concentrations of urinary BDCPP stratified by categories of TDCPP 
in office dust and hand-washing frequency 
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Abstract 
Gymnastics training facilities contain large volumes of polyurethane foam; a material that 
often contains additive flame retardants such as PentaBDE. While investigations of 
human exposure to flame retardants have focused on the general population, potentially 
high exposures may occur in subpopulations such as gymnasts and certain occupational 
groups. Our objectives were to characterize PentaBDE body burden among gymnasts, 
compare to concentrations in the general U.S. population, and measure PentaBDE and 
other flame retardants in gym equipment, air, and dust. We recruited 11 female collegiate 
gymnasts from one gym in the Eastern U.S. in 2012. Participants provided one sample of 
blood as well as before and after-practice handwipes. We screened gym equipment for 
bromine and collected samples of foam, air and dust. The geometric mean (GM) 
concentration of BDE-153 in gymnast serum (32.5 ng/g lw) was 4-6.5 times as high as in 
the general U.S . population. The GM concentrations of other PentaBDE congeners 
(BDEs 47,99 and 100) were twice as high. Median concentrations of PentaBDE, 2 ,3,4,5-
tetrabromo-ethylhexylbenzoate (TBB) and bis(2-ethylhexyl) tetrabromophthalate (TBPH) 
in paired handwipe samples were 2-3 times higher after practice compared to before. We 
identified PentaBDE, TBB and TBPH in gym equipment. GM concentrations of the 
flame retardants in gyi:n air and dust were orders of magnitude higher than previously 
found in Boston area residences. Overall we found that these collegiate gymnasts had 
higher concentrations of PentaBDE in their serum compared to the general U.S. 
population. BDE-153 concentrations were four times higher than in the general US 
population and similar to levels found in occupationally exposed foam recyclers and 
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carpet installers. Flame retardants in the gym likely contributed to the exposure of these 
gymnasts. 
Introduction 
Flame retardants are chemical additives used to meet flammability standards for 
materials such as polyurethane and extruded impact polystyrene foams used in furniture, 
automobiles, baby products and building insulation, as well as electronic housing, circuit 
boards, and textile fabrics. PentaBDE is a mixture of polybrominated diphenyl ethers 
(PBDEs) that was used widely in polyurethane foam products. It has been shown to 
escape from products over time and accumulate in the dust of indoor environments (Allen 
et al. 2008; Stapleton et al. 2005). The PentaBDE congeners are bioaccumulative 
compounds with estimated half-lives in humans ranging from 2-12 years (Geyer et al. 
2004). They are endocrine disrupters that have been associated with subclinical changes 
in thyroid hormones in several epidemiologic studies as well as reproductive impairments 
including reduced fecundability and failed embryo implantation (Stapleton et al. 2011a; 
Chevrier et al. 2010; Johnson et al. 2012; Harley et al. 2010). Recent research has also 
found associations between in utero/early childhood exposures and neurodevelopmental 
outcomes (Eskenazi et al. 2013; Hoffman et al. 2012; Herbstman et al. 2010; Gascon et 
al. 2012; Roze et al. 2009). Due to concerns regarding its persistence and toxicity, 
PentaBDE was banned in the European Union and in 2005 it was phased out of 
production in the USA 
Restrictions on the use of PentaBDEs have resulted in the increased use of other 
flame retardants such as tris(l ,3-dichloro-2-propyl) phosphate (TDCPP) and Firemaster-
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550 in foam (Stapleton et al. 2009; Stapleton et al. 2012a). However, the safety of these 
alternatives is uncertain. TDCPP is a suspected endocrine disruptor and was recently 
added to the California Proposition 65 list as a carcinogen (Cal EPA 2011). A recent in 
vivo study of Firemaster 550 found increased serum thyroxine in exposed dams and 
advanced female puberty, male cardiac hypertrophy, weight gain and increased anxiety in 
their offspring (Patisaul et al. 2013). Firemaster 550 contains four components: triphenyl 
phosphate (TPP), a mixture of isopropylated triphenylphosphate isomers, 2-ethylhexyl-
2,3 ,45-tetrabromobenzoate (TBB), and bis(2-ethylhexyl)-2,3 ,4,5-tetrabromophthalate 
(TBPH). 
The general population of the U.S. and Canada appear to have the highest serum 
concentrations of PentaBDEs, presumably because most of the PentaBDE produced was 
used in North America (Hites 2004). U.S. body burdens have been shown to vary by 
gender, age, socioeconomic status and region with higher GM concentrations in males, 
teenagers, non-whites, and Californians (Zota et al. 2008; Sjodin et al. 2008). To date, 
investigations of PentaBDE exposure have primarily focused on diet and indoor spaces 
such as homes and offices (Wu et al. 2007; Fraser et al. 2009; Watkins et al. 2011; 
Watkins et al. 2012; Stapleton et al. 2012b). Only one study has examined occupational 
exposure to PentaBDE in the U.S., among foam recyclers and carpet installers (Stapleton 
et al. 2008c). However, some non-occupational populations may experience higher than 
general population exposures to flame retardants such as PentaBDE due to special uses of 
polyurethane foam. One such population is gymnasts. Gymnastics training facilities 
contain a large amount of foam due to equipment such as landing mats and loose foam 
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pits. Our objectives were therefore to characterize PentaBDE body burden among 
gymnasts, compare to concentrations in the general U.S. population, and measure 
PentaBDE and other flame retardants in gym equipment, air, and dust. 
Materials and Methods 
Study Design 
We recruited a convenience sample of 11 female gymnasts from one collegiate gym 
with a loose foam pit (Gym 1) in the Eastern United States (U.S.). To be eligible for 
participation , gymnasts had to be older than 15 years in age , healthy and practice at least 
3 hours/week. The study protocol was approved by the Boston University Medical Center 
Institutional Review Board. All participants gave their informed consent prior to 
participation. We collected personal and environmental samples in the spring of 2012. 
Each participant filled out a questionnaire about her personal characteristics and habits 
including handwashing, transportation, and diet. The questionnaire also included 
questions regarding gymnastics history and gym use. 
Serum 
We collected approximately 30 mL of blood from each participant immediately after a 
Thursday practice. Blood was allowed to coagulate at room temperature for 4 hours and 
was then centrifuged for 15 minutes at 1,000 x g. Serum from each individual was 
separated into aliquots and stored at -80°C in 10-mL amber glass vials and 2-mL 
polypropylene vials, respectively. Serum samples were analyzed for lipids , PBDEs, and 
other persistent organic pollutants (POPs) including polybrominated biphenyl 153 (BB-
153), polychlorinated biphenyls (PCBs) and organochlorine pesticides using previously 
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published methods (Jones et al. 2012). The sample processing method included automatic 
fortification with internal standards, followed by liquid/liquid extraction using a Gilson 
215 liquid handler (Gilson Inc. ; Middleton, WI). Removal of co-extracted lipids were 
performed on a silica: silica/sulfuric acid column using a Rapid Trace (Caliper Life 
Sciences; Hopkinton, MA) modular SPE system for automation. Final analytical 
determination of the target analytes were performed by gas chromatography isotope 
dilution high resolution mass spectrometry (GC-IDHRMS) usmg a DFS 
(ThermoFinnigan MAT, Bremen, Germany) instrument. The conditions used for the GC-
IDHRMS analysis have been published previously (Sjodin et al. 2004). 
Handwipes 
Handwipe samples were collected immediately before and after practice, which lasted 
about 2.5 hours. Under the instruction and supervision of study personnel, each 
participant soaked a 7.6 by 7 .6-cm sterile gauze pad in 3 mL of isopropyl alcohol and 
wiped both of her own palms from wrist to fingertips. She then inserted the gauze pad 
into a clean glass vial , wrapped the vial in foil and bubble wrap, and placed the sample in 
a polyethylene zip bag. This process was then repeated for the backs of both her hands. 
Samples were placed on ice and later stored at -20 °C. Three field blanks were collected 
by study personnel. Paired palms and back of hands handwipe samples were extracted 
and analyzed together using gas chromatography negative chemical ionization mass 
spectrometry (GC/ECNI-MS) as previously described by Stapleton et al. (2008a), with 
slight modifications . Following Soxhlet extraction with 50:50 DCM:Hexane, wipes 
extracts were concentrated to 1.0 ml in hexane and cleaned using solid phase extraction 
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(SPE) Florisil cartridges as described in Van den Eede et al (2011) . PBDEs, TBB and 
TBPH were eluted in Fraction 1 (hexane), while tris (1-chloro-isopropyl) phosphate 
(TCPP), TDCPP and TPP eluted in Fraction 2 (ethyl acetate). Deuterated TDCPP 
(dTDCPP) was used as an internal standard for TDCPP, F-BDE 69 was used as an 
internal standard for tri-nonaBDEs, and 13C BDE 209 was used as an internal standard 
for BDE 209. 
Surface wipes 
We collected one surface wipe from each of the four gymnastics apparatus: the top of 
the vaulting horse, mats beneath the beam and uneven bars, and a mat on the Hoor 
exercise area. We also collected a surface wipe from two dusty spaces in the gym: a mat 
on the far edge of the loose foam pit and from the edge of a mat on the opposite side of 
the gym. For each sample, we soaked a 7.6 by 7 .6-cm sterile gauze pad in 3 m1 of 
isopropyl alcohol, wiped 232 cm2 of the target surface, and placed the gauze in a clean 
glass vial. The vial was wrapped in foil and bubble-wrap, sealed in a polyethylene zip 
bag and stored at -20° C. One field blank was collected in the same manner, but without 
wiping a surface. Wipe samples were analyzed using GC/ECNI-MS as previously 
described by Stapleton et al. (2008a) and with the modifications described for handwipes. 
Dust 
We collected one dust sample from the floor exercise area as well as the landing area 
of the vault, beam and uneven bars. We also collected a dust sample from within the 
loose foam pit. All samples were collected using a Eureka Mighty-Mite canister vacuum 
cleaner (Model 3670) with a crevice tool attachment. Dust was captured in a cellulose 
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extraction thimble (Whatman International) as previously described (Allen et al. 2008). 
We sampled each apparatus by slowly drawing the crevice tool across the sampling area 
for approximately 10 minutes. We collected dust from the loose foam pit by entering the 
pit with the crevice tool, and vacuuming for approximately 10 minutes. After collection, 
each thimble was wrapped in aluminum foil, sealed in a polyurethane bag, and stored at 
room temperature until processed. We collected field blanks by vacuuming sodium 
sulfate powder (as a surrogate for dust) off clean aluminum foil. We later passed each 
dust sample through a 500 J.tm sieve, placed the sieved dust in a clean amber glass jar, 
sealed the jar in a polyurethane bag and stored the sample at -20° C. We cleaned all 
sampling equipment prior to sample collection as previously described (Watkins et al. 
2011). Dust samples were extracted using method reported in the previous section. 
Extracts were analyzed using GC/ECNI-MS as reported in Stapleton et al. (2005, 2008b, 
2009). 
Air 
We collected active air samples from two locations in the gym over a continuous 75-
hour period. The sampling period began before Tuesday's practice and ended 
approximately one hour after practice that Friday. We placed stationary air sampling 
pumps in two locations in the gym: 1) within 30 em of the pit and 2) on the opposite side 
of the gym from the pit. The later location was also near the door of the gym, which led 
into the field house. We calibrated each pump to a flow rate of 2 L/min for a total volume 
of about 9.5 m3 • The pumps exhibited an average nominal change in flow of 0.2 Llmin 
over the sampling period. The sampling media included a glass tube containing a glass 
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fiber filter (pore size: 1 ~-tm) followed by a pre-cleaned polyurethane foam (PUF) plug, 
XAD-2 resin, and a second PUF plug of equal length as the first. The sampling medium 
was connected to each air pump via tygon tubing (0.64 em) and mounted on a tripod 
approximately 1.2 m from the ground. Following collection , each sample was wrapped in 
aluminum foil, sealed in a polyethylene zip bag , and stored at -4°C prior to extraction. 
Field quality control included a duplicate sample from the near pit sampling location and 
one field blank. Air samples were analyzed using GC/ECNI-MS as previously described 
(Allen et al. 2007). 
Gymnastics Equipment 
Concentrations of bromine in gymnastics equipment were non-destructively measured 
using an InnvoX Alpha 6500 portable x-ray florescence (XRF) analyzer operating in 
RoHS/WEEE mode with a 30-second test duration. In our applications , bromine 
measured via XRF correlates highly with brominated flame retardants as measured by 
GC-MS, but overestimates concentrations by about 50% (Allen et al. 2008; Stapleton et 
al. 201lb). Bromine levels were measured in the foam of landing mats and pit cubes as 
well as the carpet and foam of the spring-loaded floor , springboards , and vaulting 
runway. The loose foam pit was approximately 4.3 by 5.8 by 2.4-m and filled with pit 
cubes (each 20 by 20 by 20-cm). Gym management reported that 2 batches of pit cubes 
were added at two different time points more than 10 and 20 years prior, respectively. 
One pit cube of each age was collected from the gym and later sub-sampled using a clean 
razor blade. We also collected a sample of foam from the above-ground pit; a large foam 
mat (2.7 by 2 m by 0.9-m) with mesh covering the landing surface and vinyl fabric 
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covering the . remaining sides. Each foam sample was wrapped in foil and sealed in a 
polyethylene zip bag. Foam samples were analyzed using GC/ECNI-MS as previously 
described (Allen et al. 2008; Stapleton et al. 2009). 
Additional gyms and pit cubes 
We collected samples of foam and dust from a second gym (Gym 2) in the Eastern 
United States during the fall of 2010 using the methods described in the previous 
sections. We non-destructively screened gym equipment for brominated flame retardants 
(BFRs) using XRF spectroscopy and collected four pit cubes from the loose foam pit. We 
collected one surface wipe from a dusty space within 30 em of the loose foam pit and 
vacuumed dust from two locations: 1) within the loose foam pit and 2) from the surface 
of a landing mat that covered a small portion of the pit. We also collected the gym 
vacuum cleaner bag, which had been used in all areas of the gym including the office and 
lobby. Dust from within the vacuum cleaner bag was sub-sampled using a clean plastic 
scoop, passed through a 500 11m sieve and handled like the other dust samples. We 
obtained an additional pit cube from a third gym (Gym 3) in the midwestern U.S . and 
purchased three new pit cubes from a distributor. 
Scanning electron microscopy (SEM) 
We investigated one dust and one pit cube sample from Gym 2 using SEM. Foam and 
sieved dust samples were mounted on an aluminum stub using 2-sided conductive carbon 
adhesive tape. Images were obtained at high vacuum at 30.0 eV using an FBI (Hillsboro, 
OR) XL30 environmental SEM with a Bruker (Billerica, MA) XFlash 4010 energy-
dispersive x-ray spectroscopy detector to visualize the relative amounts of bromine 
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(Ka=11.91) and magnesium (Ka=l.25) in 10 mm x 7.5 mm images (approximately 200x 
magnification). The elemental signature of bromine in the images indicated particles that 
likely contained flame retardants, while magnesium indicated particles that contained 
other sources of dust including soil and chalk. 
Data Analysis 
Serum analyte concentrations were adjusted for lipid content. Concentrations of flame 
retardants were blank-corrected on an analyte specific basis using the average of the 
laboratory (serum and dust data) and field blanks (wipe data). Air data were blank-
corrected using the single field blank, which was similar to concentrations measured in 
the two laboratory blanks. Recovery ofF-BDE 69 in the samples averaged 104±3% in air 
and 1 02±20% in the wipe and dust samples. Average recovery of 13C BDE 209 was 
97±16% in the wipe and dust samples. Recovery of dTDCPP averaged 82±6 in air and 
68±25 in the wipe and dust samples. Recovery of dTPP was 50±2 in air. Method 
detection limits (MDLs) were calculated as 3 times the standard deviation of the 
laboratory blanks. The laboratory instrument detection limit was used as the MDL when 
analytes were not detected in the blanks or there were insuffic_i ent data to calculate an 
MDL. Concentrations <MDL were substituted with a value of MDL/2. Where serum 
concentrations <MDL were quantified, the quantified value was used. We define 
LPentaBDE as the sum of BDEs 28, 47, 85, 99, 100 and 153 as these congeners were 
detected in >50% of the serum, handwipe, air and dust samples. 
Concentrations of flame retardants in each media were not normally distributed 
(Shapiro-Wilk test, p<O.OS) , but were approximately log-normal for dust and serum. 
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Accordingly, we log-transformed these data prior to analysis and report the geometric 
mean (GM) and geometric standard deviation (GSD). As handwipe data were not log-
normally distributed, we used the non-parametric signed rank test to compare paired 
handwipe samples. All statistical analyses were performed using SAS (version 9.1; SAS 
Institute Inc., Cary , NC) with statistical significance defined as a= 0.05. 
We identified six U.S. populations as comparison groups. These included office 
workers sampled in 2009 from the Boston, Massachusetts area (ages 25-64, n=31) 
(Watkins et al. 2011), pregnant women sampled in 2008-2010 from the Eastern U.S. 
(ages 18-39, n=137) (Stapleton et al. 2011c) and the general U.S. population sampled in 
2003/2004 by the National Health and Nutrition Examination Survey (NHANES) (ages 
12-85 , n~2000) (Sjodin et al. 2008). The fourth and fifth comparison groups were 
selected subgroups of the 2003/2004 NHANES sample: U.S. teenagers (ages 12-19, 
n~600) and Californians (ages 12-60+, n~250) (Zota et al. 2008; Sjodin et al. 2008). The 
sixth comparison group was a 2006 occupational sample of adult foam recyclers and 
carpet installers that was shown to have elevated serum concentrations of PentaBDEs 
(ages 22-56, n=15) (Stapleton et al. 2008c). To test the role of diet or other factors such 
as low adiposity on our results we compared serum concentrations of other POPs 
(BB153, PCBs and organochlorine pesticides) in gymnasts to U.S. teenagers and the 
general U.S. population , as diet is thought to be the primary exposure pathway for these 
POPs (Patterson et al. 2009). 
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Results 
Each participant reported she had been a gymnast for the past 12-19 years, were 
18-22 years of age and currently trained at Gym 1. On average over the past year, 
participants reported training an average of 19 hours/week during the competitive season 
(September-May) and an average of 10 hours/week during the off-season (June-August). 
All reported having trained at Gym 1 for the past 0.75-4 years and each confirmed her 
previous gyms also had a loose foam pit. 
Serum 
We detected BDEs 47, 99, 100, and 153 in all of the serum samples (Table 4.1). 
Detection frequencies of BDEs 28 and 85 were 64% and 55% , respectively. BDE154 was 
detected in 45% of samples, whereas concentrations of BB153 and BDEs 17, 66,183 and 
209 were below the MDL in all samples; the maximum MDL for each of these analytes 
was 2.2 ng/g lw (Table C.l). Of the 35 PCB congeners investigated, over half were below 
the MDL in all samples and only six had a detection frequency greater than 50%: PCBs 
74, 118, 138/158, 153, 170 and 180. We detected p,p'-dichlorodiphenyldichloroethylene 
(p,p'-DDE), the primary metabolite of dichlorodiphenyltrichloroethane (DDT), in 100% 
of samples whereas the remaining eight organochlorine pesticides investigated had 
detection frequencies under 10%. 
BDEs 47 and 153 were the dominant PentaBDE congeners in gymnast serum, 
comprising an average of 42 and 34% of ~PentaBDE, respectively (Figure C.1). BDEs 99 
and 100 comprised approximately 10% of ~PentaBDE and BDE28 comprised less than 
2%. PentaBDE congeners 47, 85, 99, 100, and 154 were highly correlated with one 
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another (Pearson correlation coefficient r>0.87, p<0.005), moderately correlated with 
BDE28 (r>0.78, p<0.005), and uncorrelated with BDE-153 (r<0.41 , p>0.2). The 
PentaBDE congeners were not correlated withp,p'-DDE or the PCBs (r<0.31, p>0.2). 
Comparison with other populations 
The GM concentration of BDE-153 (32.5 ng/g lw) in gymnast serum was 4-6.5 times 
higher than our five comparison categories for the general U.S. population: Boston office 
workers, pregnant women from the Eastern U.S ., the general U.S., teenagers and 
Californians (Figure 4.1, Table C.2). GM concentrations of BDEs 47, 99 and 100 in 
gymnast serum were 2-3 times higher than office workers, pregnant women and the 
general U.S. and similar to teenagers and Californians. GM concentrations of BDEs 28, 
47 and 99 in gymnast serum were significantly lower than U.S. foam recyclers and carpet 
installers, whereas the GM concentration of BDE-153 was similar. 
GM concentrations of these six PCB congeners were significantly lower in gymnast 
serum compared to the general U.S. population and similar to U.S. teenagers (Figure 4.1, 
Table C.2). The GM concentration of p,p'-DDE was significantly lower in gymnast 
serum compared to both the general U.S. population and teenagers. 
Handwipes 
Detection frequencies of TBB, TBPH and PentaBDE were higher in handwipe 
samples collected after practice compared to before practice (Table 4.2). Levels of 
LPentaBDE, TBB and TBPH were a median of 2.8, 2.2 and 2.8 times higher respectively, 
in handwipes collected after practice compared to before. Detection frequencies of 
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BDE209, TDCPP and TCPP were lower in handwipes collected after-practice (45, 10 and 
0%, respectively) compared to before practice (55, 45 and 36%, respectively). 
Surface wipes 
We detected L:PentaBDE, TBB and TBPH in all surface wipe samples (Table C.3a 
and Figure C.2a). TDCPP and TCPP were detected in 60% of surface wipes collected 
from Gym 1. Both TPP and TDCPP were detected in the single surface wipe collected 
from Gym 2. TPP and TCPP were not measured in surface wipes from Gyms 1 and 2 , 
respectively. 
PentaBDE was the dominant flame retardant in surface wipes collected from all 
sample locations in both Gym 1 (38.5 ng/cm2) and Gym 2 (647 ng/cm2). Median loadings 
of TBB and TBPH in surface wipes from Gym 1 (1.89 and 0.63 ng/cm2) were higher than 
in the single wipe sample from Gym 2 (0.03 and 0.04 ng/cm2). Median loadings of 
TDCPP and TCPP were 0.21 and 0.09 ng/cm2 in Gym 1. In the surface wipe from Gym 2, 
loadings of TPP and TDCPP were 15.4 and 5.15 ng/cm2• 
Dust 
We detected PentaBDE, TBB, TBPH, TPP, TDCPP and TCPP in all measured dust 
samples, when measured (Table 4.3). PentaBDE was the dominant flame retardant in dust 
collected from all locations in both gyms. The highest concentrations of PentaBDE were 
in dust collected from the balance beam of Gym 1 and from within the loose foam pit of 
Gym 2 (Table C.3b and Figure C.2b). The highest concentrations of TBB and TBPH 
were from within the loose foam pit of Gym 1 and from the vacuum cleaner bag collected 
from Gym 2. 
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Air 
Concentrations of LPentaBDE, TBB, and TBPH in air were 5-6 times higher near the 
loose foam pit than on the opposite side of the gym near the entrance (Table 4.3). 
Concentrations of TPP, TDCPP and TCPP in air were almost twice as high near the loose 
foam pit as compared to the opposite side of the gym. BDE209, a PBDE congener not 
associated with the PentaBDE mixture , was detected at similar concentrations at the two 
locations. 
Gymnastics Equipment 
Using XRF spectroscopy, we identified percent (by weight) concentrations of 
bromine in pit cubes (3-6%), landing mats (0.005-3.6%), sting mats (0.8-2%) and the 
vault runway (0.5-0.9%) of both gyms (Table C.4). We identified 0.6% bromine in the 
above-ground pits, spring-boards and carpet of the floor exercise area. 
Laboratory results using GC/ECNI-MS confirmed the presence of flame retardants in 
foam from all of the sampled pit cubes and not in foam from the above ground pit (Figure 
4.2). Consistent with previous work, XRF-measured bromine correlated highly (rp=0.94) 
with BFRs measured via GC/ECNI-MS , overestimating the concentration by about 50% 
(Figure C.3) (Allen et al. 2008; Stapleton et al. 2011b). 
The oldest pit cube from Gym 1 (>20 years) contained 4.8% PentaBDE by weight 
and the other pit cube from Gym 1 (10-20 years) contained a mixture of 1.6% TBB and 
0 .69% TBPH, indicative of Firemaster 550 (Figure 4.2). The older pit cubes (10-20+ 
years) collected from Gyms 2 and 3 contained large concentrations of PentaBDE 
(3 .7-5.2%) with small amounts of TPP and TDCPP (<0.4%); the 'newest' pit cube (<10 
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years) from Gym 2 contained a mixture of PentaBDE (1.1 %) and of TDCPP (0.8%). The 
three new pit cubes obtained from a distributor in 2010 contained either a mixture of 
TBB , TBPH and TPP (2.8, 1.2 and 1.1 %, respectively) or high amounts of TDCPP (6.5 
and 5 .6%). Of note, one of pit cubes purchased from a distributor (D3) was advertised as 
lacking a fire retardant additive, but was found to contain 5.6% TDCPP. Proportions of 
PentaBDE congeners in the pit cubes , air and dust were similar to the PentaBDE 
technical mixture (La Guardia et al. 2006). 
SEM 
We used SEM to compare gym dust to one pit cube (G2-1) collected from the loose 
foam pit of Gym 2. At 2x magnification , blue coloring consistent with the pit cube and 
some structure were apparent in the gym dust compared to standard reference material 
dust (Figure C.4) . SEM with energy dispersive x-ray spectroscopy revealed bromine-
containing branched structures in the pit cube (Figure 4.3). Similar, fragmented structures 
were also apparent in the pit dust. Some fragments were larger than 100 !Jffi whereas 
others appeared much smaller. Magnesium-containing particulates were also visible in 
the gym dust and were likely gym chalk, which typically consists of magnesium 
carbonate. 
Discussion 
We identified elevated concentrations of PentaBDEs in serum collected from 11 
collegiate gymnasts in the Eastern U.S. The degree of elevation varied between 
PentaBDE congeners with a particularly high GM concentration of BDE-153 that is 
comparable to a sample of occupationally exposed foam recyclers and carpet installers 
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(Stapleton et al. 2008c ). While the half-lives of the PentaBDE congeners have not been 
directly measured in humans, the estimated half-life ofBDE-153 (6-7 years) is more than 
double what is estimated for BDEs 47, 99 and 100 (1-3 years) (Geyer et al. 2004). Thus, 
the proportionally higher levels of BDE-153 in gymnast serum suggest these gymnasts 
had higher exposures to PentaBDE in the past. Similarly, Fangstrom et al (2008) reported 
that BDE-153 remained high in Swedish breast milk samples as BDE-47 decreased. The 
team coach noted that these gymnasts would have used loose foam pits more frequently 
in previous years when a greater proportion of their training time was spent learning new 
skills. All our participants reported that their previous gyms also had a loose foam pit. 
Although we have no other information about their previous gyms, it is plausible that 
PentaBDE would have been used in the pit cubes and landing mats at those gyms as well. 
An ~ltemative explanation for the elevated levels ofPentaBDE in gymnast serum is a 
difference in diet or other factors such as low adiposity. We tested this by measuring 
concentrations ofBB-153, PCBs and organochlorine pesticides in gymnast serum and 
comparing the results with the general U.S. population, as these analytes are POPs for 
which diet is thought to be the primary exposure pathway (Patterson et al. 2009). Most of 
these compounds were not detected in the gymnast sera or measured at similar or 
significantly lower GM concentrations compared to U.S. teenagers and the general U.S. 
population. This result supports our primary hypothesis that the high concentrations of 
PentaBDE in gymnast serum are due to exposures in the gym environment. 
Previous work has shown that PentaBDE in dust and handwipes are important 
predictors of personal exposure (Watkins et al. 2011; Stapleton et al. 2012b). Median 
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concentrations of.L.PentaBDE in dust from Gyms 1 and 2 (371 and 951 Jlglg) were orders 
of magnitude higher than GM concentrations measured in Boston area homes, offices and 
vehicles (1.69-2.61 Jlg/g) (Watkins et al. 2012). This trend is also reflected in handwipes; 
the median concentration of.L.PentaBDE in handwipes collected from the gymnasts after 
practice (348 ng) were three times higher compared to their before-practice handwipes 
(101 ng) or compared to the GM concentration of.L.PentaBDE in Boston office worker 
handwipes (70 ng) (Watkins et al. 2011). Exposure during practice may be influenced by 
training activities between apparatus as well as personal habits such as handwashing and 
hand-to-mouth behavior. 
We identified high concentrations of bromine as an indicator of BFRs in gymnastics 
equipment, particularly items containing polyurethane foam such as pit cubes and landing 
mats that had cloth or mesh coverings. Most of the pit cubes collected from the gyms 
were found to contain PentaBDE. The microscopy analyses suggests that pit cubes 
physically degrade, a process that likely contributes to the high concentrations of 
PentaBDE in the dust. While volatilization is often thought of as the mechanism by 
which PentaBDEs get into indoor air and dust, our results demonstrate that physical 
breakdown (friability) of polymers can also be a mechanism, a route previously 
demonstrated for the much less volatile DecaBDE (Webster et al. 2009). 
Incidental ingestion ofPentaBDE and other flame retardants in dust could occur via 
both hand-to-mouth activities and ingestion of fugitive dust. Hand-to-mouth behavior is 
very important for toddlers but may also apply to gymnasts who eat during or after 
practice (Stapleton et al. 20 12b ). Fugitive dust ingestion may also be an important 
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exposure pathway, as landing on the polyurethane foam pit cubes and mats may suspend 
inhalable dust particles. Although larger particulates (> 10 J.lm) will not penetrate deep 
into the lung, they may still contribute to personal exposure upon being cleared by the 
mucociliary escalator and subsequently swallowed. 
While inhalation is not considered a primary pathway of exposure to PentaBDE for 
the general U.S. population, it may be an important pathway for gymnasts: concentrations 
in the air of Gym 1 (20.4 and 120 ng/m3) were orders of magnitude higher than found in 
Boston area homes (GM=0.29 ng/m3; Max=3.51 ng/m3) (Allen et al. 2007). The high 
concentrations we measured in gym air are consistent with that previously reported for a 
single Canadian gym using a passive sampler (15.2 ng/m3) (Zhang et al. 2011). Dermal 
exposure to PentaBDE may also be elevated for gymnasts compared to the general 
population due to several factors: 1) frequent contact with gym foam and dust, 2) a high 
proportion of exposed skin and 3) potentially increased dermal permeability due to sweat 
from physical exertion. 
Gymnasts may also experience high exposures to other flame retardants used in 
polyurethane foam such as TBB, TBPH, TPP and TDCPP. We identified these flame 
retardants in foam and dust from both gyms as well as in pit cubes ordered from a 
distributor. This demonstrates their use as alternatives to PentaBDE in gym equipment, 
similar to what has been previously noted for other products containing polyurethane 
foam (Stapleton et al. 20 12a; Stapleton et al. 2011 b). The relative importance of exposure 
via the ingestion, inhalation and dermal pathways may differ depending on physical 
properties of each flame retardant. For example, inhalation exposure may be more 
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important for TDCPP, which is thought to be more volatile than to PentaBDE (CPSC 
2006). Personal exposure to PentaBDE and other flame retardants may vary between 
gymnasts depending on · the flame retardants present in their gym as well as personal 
factors such as the their training duration and activities, hand-washing and bathing 
frequency, diet and exposure to sources in other microenvironments (e.g., vehicle, school, 
home). 
An important strength of this study is the collection of an exposure biomarker 
coupled with measures of personal exposure, environmental media and sources in the 
gym environment. Measurement of other POPs in serum allowed us to test the potential 
role of diet and low adiposity on our results. A major limitation of this study is the small 
sample size. We did not have measurements from each gymnast's previous gym or 
information on specific gym activities during practice on the day of hand wipe sampling. 
Our findings are not generalizable to all gymnasts, many of whom may train much less 
frequently. Nevertheless, this is the first study of this potentially highly exposed and 
vulnerable population and demonstrates the need for further investigation. 
Future research on gymnasts should include a larger sample of gymnasts and gyms 
and seek to identify the primary exposure pathways to inform recommendations for 
reducing personal exposures. For example, increased hand-washing has been associated 
with lower body burdens of PBDEs in office workers and may be an effective 
intervention strategy for gymnasts. Removal or replacement of gym equipment 
containing polyurethane foam (e.g., pit cubes) could also be effective and should be 
explored. The importance of inhalation vs. incidental ingestion exposures for gymnasts 
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could be clarified by improving our understanding of foam friability as well as stze 
fractionation in gym air and dust. 
Conclusions 
Overall, our findings demonstrate that these collegiate gymnasts experienced elevated 
exposures to PentaBDE flame retardants and suggest they may also have high exposures 
to other additive flame retardants used in polyurethane foam. Although this study relies 
on a small number of samples, we found evidence that the polyurethane foam pit cubes 
and landing mats are an important source of PentaBDE, TBB and TBPH to the gym 
environment. Despite the U.S. phase-out of PentaBDE production nearly a decade ago, 
large amounts are still in use. Furthermore, we found evidence that TBB, TBPH, TPP and 
TDCPP are being used as replacement flame retardants for PentaBDE in newly 
manufactured pit cubes, suggesting the potential for increasing exposure to these 
compounds as older gym equipment is replaced. Additional research is needed to 
confirm these fmdings and improve our understanding of gymnast exposures. 
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Chapter 4: Tables 
Table 4.1: PentaBDEs measured in gymnast serum (ng/g lipid) 
Sample BDE-28 BDE-47 BDE-85 BDE-99 BDE-100 BDE-153 ~Pen taB DE Number 
1 <1.3 16.7 <1.3 5.5 3.7 15 .6 42.8 
2 1.5 27.5 <1.4 8.2 5.9 17.6 61.6 
3 <1.1 36.3 1.3 11.2 9.7 18.8 77.9 
4 <2.2 40.7 <2.2 9.1 9.4 27.2 88.7 
5 1.7 36.8 <1.4 8.3 7.5 37.4 92.8 
6 2.1 46 1.4 7 .8 17.1 46.4 121 
7 <1.3 15 .6 <1.3 4.1 5 .8 96.9 124 
8 1.6 48 .6 1.6 14 15 .8 48 .6 130 
9 3.3 83.4 2.3 23 12.9 10.8 136 
10 2.5 76.6 2.6 24.7 17.4 50.1 174 
11 4 .7 189 5.9 70 .6 47.7 68.8 387 
Freq. Det. 64% 100% 55 % 100% 100% 100% NA 
GM (GSD) 1.50 (2.0) 43.5 (2.1) 1.43 (1.9) 12.0 (2 .2) 10.9 (2.0) 32.5 (2 .0) 111 (1.8) 
Min <1.1 15.6 <1.3 4.10 3.70 10.8 42.8 
Max 4 .7 189 5.9 70.6 47.7 96.9 387 
1~PentaBDE includes BDEs 28 , 47, 85 , 99, 100 and 153 which were detected in >50% of 
samples. BDE154 was detected in 45% of samples with a maximum of 6.8 ng/g lw. BDEs 17, 66 , 
182 and 209 were not detected in any of the samples (Table C.2) . 
NA: Not applicable. 
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Table 4.2: Amounts of flame retardants (ng) in handwipe samples collected before 
and after practice 
Before Practice Mter Practice Median Change 
Analyte Detection Median (Range) Detection Median (Range) from before to Frequency Frequency after (p-value) 
PBDEs 
BDE 28,83 27% NR ( <0 .30-1.25) 64% 1.07 ( <0 .30-6.83) NR 
BDE47 100% 38.6 (7.56-115) 100% 117 (19 .4-1122) 71.2 (0.05)* 
BDE 85,155 55% 1.63 (<1.10-4.53) 73% 3.68 (<1.10-75.1) 3.12 (0.10) 
BDE99 82% 49.5 (<14.3-110) 100% 168 (22.2-1702) 104 (0.09) 
BDE 100 64% 7.89 (<3.04-17.4) 100% 27.7 (3 .31-297) 19.1 (0.32) 
BDE 153 55% 3.56 ( <2.08-8 .26) 82% 11.7 (<2.08-154) 8.1 (0.10) 
LPentaBDE NA 101 (18.0-251) NA 348 (46.6-3356) 234 (0.03)* 
BDE209 55% 5.00 ( <4.34-13 .5) 45% NR (<4.34-9.31) NR 
Firemaster 550 
TBB 100% 60.8 (8 .05-651) 100% 222 (34.9-770) 152 (0.04)* 
TBPH 91 % 27.9 (<3.19-264) 100% 96.4 (15.5-416) 70.8 (0.01)* 
Organophosphates 
TDCPP 45% NR ( <31.8-255) 10% NR (<31.8-81.9) NR 
TCPP 36% NR (<40.2-97.4) 0% NR (<40.2) NR 
NA: Not applicable. 
NR: Data not reported: detection frequency <50% . 
*Statistically significant at the a=0.05 level using the signed rank test. 
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Table 4.3: Concentrations of flame retardants in air and dust 
Air (ng/m3) Dust (~g/g) 
Gyml Gyml Gym2 Residences 
Analyte Near the Away Median (Range) Median (Range) GM (Range) Pit from Pit 
PBDEs 
BDE28, 83 1.43 0.68 0.91 (0 .2-3.4) 5.66 ( 1.43-48 .5) 0.014 (<0.001-0.38)2 
BDE47 44.9 9.99 98.8 (20 .4-453) 1 247 (146-390) 0.671 (<0.004-26.1)2 
BDE 85 , 155 2.24 0.31 11.2 (2 .4-50.3) 79.1 (26 .7-258) 0.033 ( <0.001-4.26)2 
BDE99 56.6 7.58 208 (51.3-870) 1 336 (222-518) 0.647 (<0.009-43 .3f 
BDE 100 9.92 1.27 32.5 (7.92-194) 1 145 (72.3-353) 0.135 (<0.002-12.5)2 
BDE 153 4.79 0.58 19.5 (5.21-89.4) 1 138 (56.1-367) 0.066 (<0.001-8.93)2 
LPentaBDE 120 20.4 371 (87.4-1660) 951 (524-1940) 1.69 (0.009-91.0)23 
BDE209 0.33 0.45 5.21 (0.77-54.0) 2.50 (1.72-41.7) 4.50 (0.79-185)4 
Firemaster 550 
TBB 26.1 5.01 28 .9 (20.8-85.6) 0.01 (<0.001-0.35) 0.32 (<0.007-15.1)5 
TBPH 16.9 2.66 30.0 (17.3-44.9) 0.06 (<0 .001-0.21) 0.23 (0.003-10.6)5 
Organophosphates 
TPP 8.17 4 .46 NA 22.9 (20.1-25 .0) 7.36 (<0 .15-1800)5 
TDCPP 12.5 8.41 5.05 (2.72-22.7) 13.0 (3.19-38 .2) 1.89 C<O.o9-56.V 
TCPP 2.68 0.74 2.48 (0.75-3 .06) NA 0.57 (<0.14-5.49)5 
NA: data not available 
1 May be less exact due to extrapolation from the end of a calibration curve . 
2 Watkins et al. 2012, dust collected in 2009 from the main living area of Boston area homes 
(n=31). 
3 ~PentaBDE does not include BDE 85, 155 . 
4 Allen et al . 2008, dust collected in 2006 from the main living area of Boston area homes (n=19). 
5 Stapleton et al. 2009, vacuum cleaner bags collected in 2002-2007 from Boston area homes 
(n=50). 
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Chapter 4: Fi2ures 
Figure 4.1: Geometric mean serum concentrations (symbol) with 95% confidence 
intervals (bars) for gymnasts compared to other U.S: populations 
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Figure 4.2: Flame retardants in pit cubes 
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Figure 4.3: SEM of a) foam and b) dust collected from within the pit of Gym 2. 
The presence of bromine and magnesium are indicated by green and red , respectively. 
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Chapter 5: Conclusion 
The aim of this research was to characterize human exposure to brominated and 
organophosphate flame retardants as well as to assess predictors of personal exposure. 
This was achieved by investigating exposure to target flame retardants in three potentially 
susceptible and highly exposed populations in the eastern U.S.: first-time mothers, office 
workers and collegiate gymnasts. These cross-sectional . biomonitoring studies each 
included the collection of a biological sample and administration of a detailed 
questionnaire. All questionnaires inquired about personal demographics, habits, diet and 
characteristics of the indoor environment. Other questions varied between sample 
populations depending on the study design and target analyte. Biological samples were 
analyzed for target flame retardant(s) specific to each study: hexabromocyclododecane 
(HBCD) and tetrabromobisphenol-A (TBBP-A) in breast milk of first-time mothers, the 
primary metabolite of tris(l ,3-dichloro-2-propyl) phosphate (TDCPP) in urine from 
office workers, and PentaBDE in serum from collegiate gymnasts. When possible, we 
also collected samples from the indoor environment such as air, dust and polyurethane 
foam. Biomonitoring results were used to characterize personal exposure (absorbed dose) 
in each population of interest and for comparison purposes. Data from the questionnaire 
and indoor environment(s) were evaluated as potential predictors of exposure. Overall, 
we characterized body burdens of HBCD, TDCPP and PentaBDE in our respective 
populations of first-time mothers, office workers and collegiate gymnasts; and identified 
factors in the indoor environment that are associated with these exposures. 
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Chapter 2 
The primary objectives of Chapter 2 were to provide biomonitoring data for the 
brominated flame retardants HBCD and TBBP-A in a population of first-time mothers 
and to assess predictors of personal exposure. Limited biomonitoring data exist for these 
analytes in U.S. populations (Ryan et al. 2006; Johnson-Restrepo et al. 2008), and 
although HBCD and TBBP-A are both used widely as flame retardants few studies have 
investigated predictors of human exposure (Roosens et al. 2009; Thomsen et al. 2010). 
We hypothesized that body burdens of HBCD and TBBP-A in our sample of U.S. 
mothers would be similar to elsewhere in the world . As this was an exploratory study we 
tested a number of variables, including diet, household electronics, the presence of 
carpeting and transportation use as potential predictors of body burden. 
We detected HBCD and TBBP-A in 100% and 35% of breast milk samples from our 
population of first-time mothers (n=43). Consistent with our hypothesis, the geometric 
mean (GM) concentration of each flame retardant was within the range of those 
previously reported for other populations in the U.S. and around the world. Levels of 
HBCD were significantly and positively associated with the number of stereo and video 
electronics in the home (17% increase/item; 95% CI=4-31%) and lower in participants 
who regularly chose organic foods compared to those who did not (0.51 , 95% CI=0.32-
0.82). Restriction to college-educated mothers (n=39) did not change the results. We 
identified no significant predictors of TBBP-A exposure. Previous investigation of PBDE 
body burdens in this population of first-time mothers failed to find an association with the 
number of stereo and video electronics in the home but did identify a positive association 
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with meat and dairy consumption. Our results are somewhat different, and suggest that 
lifestyle factors are related to body burdens of HBCD and that domestic electronics may 
be an important source of HBCD exposure in the indoor environment. 
Chapter 3 
The primary objectives of Chapter 3 were to provide biomonitoring data for the 
organophosphate flame retardant TDCPP in a U.S. population and assess predictors of 
personal exposure. Although TDCPP has been used widely as a replacement retardant for 
PentaBDE in polyurethane foam , little is known regarding human exposure (Stapleton et 
al. 2012a; Stapleton et al. 2011). Using a recently developed assay, we were able to 
measure BDCPP, the primary metabolite of TDCPP, in human urine as a biomarker of 
personal exposure (Cooper et al. 2011). We hypothesized that the indoor environment 
contributes to personal exposure of TDCPP. As this was an exploratory study we tested a 
number of variables, including office building, TDCPP in dust, and transportation use as 
potential predictors of urinary BDCPP. 
We identified BDCPP in 100% of urine samples (GM=408 pg/mL) and identified 
TDCPP in 99% of dust samples from participant offices, homes and vehicles (GM=4.43 
J.Lglg). Urinary BDCPP concentrations among participants who worked in a new office 
building were 26% of those who worked in older buildings (p=0.01). This was 
unexpected and could be explained by use of another ~eplacement flame retardant such as 
Firemaster550 in furniture of the office building or other building differences such as 
ventilation. Concentrations of TDCPP in dust were significantly higher in vehicles 
(GM=12.5 J.Lglg) and offices (GM=6.06 J.Lglg) than in dust from the main living area 
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(GM=4.21 1-Lg/g) or bedrooms (GM=1.40 1-Lg/g) of worker homes. We found some 
evidence of a positive trend between urinary BDCPP and TDCPP in office dust that was 
not observed in the other rnicroenvironments and may be related to the timing of urine 
sample collection during the afternoon of a workday in combination with the short half-
life of TDCPP. Overall our findings are consistent with our hypothesis that the indoor 
environment contributes to personal exposure ofTDCPP. 
Chapter4 
The primary objectives of Chapter 4 were to present biomonitoring data for the 
brorninated flame retardant PentaBDE in a population of gymnasts, compare these results 
to concentrations in the general U.S. population, and measure concentrations of 
PentaBDE and other flame retardants in gym equipment, air and dust. To date, 
investigations of PentaBDE exposure have primarily focused on diet and indoor spaces 
such as homes and offices (Wu et al. 2007; Stapleton et al. 2012b; Watkins et al. 2011; 
Watkins et al. 2012; Fraser et al. 2009). Only one study has examined occupational 
exposure to PentaBDE in the U.S., among foam recyclers and carpet installers (Stapleton 
et al. 2008). Recreational populations such as gymnasts may experience higher than 
general population exposures to flame retardants due to special uses of polyurethane 
foam. We hypothesized that gymnasts have higher exposures to PentaBDE compared to 
the general U.S. population. 
Consistent with our hypothesis, the GM concentration of the PentaBDE congener 
BDE-153 (32.5 ng/g lw) in serum from our sample of collegiate gymnasts was four times 
higher than previously measured in the general U.S. population and similar to levels in 
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occupationally exposed foam recyclers and carpet installers. Elevations in levels of other 
PentaBDE congeners (BDEs 47, 99 and 100) were less pronounced, suggesting that these 
gymnasts had higher exposures to PentaBDE in the past. This is consistent with a 
comment from the team coach that a greater proportion of their training time was spent 
learning new skills in previous years. The elevated concentrations are likely not due to 
differences in diet or other factors such as low adiposity, as concentrations of BB-153, 
PCBs and organochlorine pesticides in gymnast serum were similar to the general U.S. 
population. 
The gym environment appears to be an important exposure source, as median 
concentrations of PentaBDE, TBB and TBPH in paired handwipe samples were 2-3 
times higher after practice compared to before. Similarly, GM concentrations of these 
flame retardants in gym air and dust were orders of magnitude higher than those 
previously found in Boston area residences. We also found evidence that polyurethane 
foam pit cubes and landing mats are likely an important source of flame retardants in the 
gym environment. 
Strengths and Limitations 
This research provides some of the first biomonitoring data on HBCD, TBBP-A and 
TDCPP in U.S. populations; and of PentaBDE in gymnasts. An important strength of our 
study design is the simultaneous collection of biomonitoring samples concurrent with 
variables that may contribute to personal exposure such as diet, personal habits and 
samples from the indoor environment. 
This work was limited by small sample sizes. Other limitations varied by study and 
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included the absence of dust and/or air samples from participant indoor environments 
(Chapters 2 and 3); a lack of repeated urine samples and a delay between dust and urine 
sampling (Chapter 3); and the absence of environmental samples from the previous gyms 
of the gymnasts (Chapter 4). 
Future Research 
This research raises questions regarding human exposure to brominated and 
organophosphate flame retardants. Future research on human exposure to HBCD, TBBP-
A and TDCPP should include a larger study population and include repeated measures of 
participant urine and serum as well as air and dust from participant microenvironments 
(home, workplace, vehicle). Additional research is needed on HBCDs in organic vs. non-
organic food. Future research on gymnasts should include a larger sample of both 
gymnasts and gyms, and should aim to inform recommendations for reducing personal 
exposures. Such recommendations could include implementation of source remediation, 
engineering controls and behavioral recommendations in gyms. Future work should also 
consider other highly exposed and susceptible populations. 
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Appendix A: Chapter 2 Supplemental Material 
Table A.l: Average recoveries (expressed as percent) of the 13C-labelled internal 
standards. 
Internal standard Average recovery (%) 
13C-a-HBCD 78 
13C-~-HBCD 77 
13C-y-HBCD 85 
13C-TBBP-A 83 
Table A.2: Recoveries (expressed as percent) of d18-a-HBCD used as extraction/clean-up 
evaluation standard. 
Sample# Recovery (%) 
1 94 
2 87 
3 92 
4 90 
5 89 
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Table A.3a: Concentrations of HBCD isomers in SRM2585 compared to the indicative 
values. 
Average concentration (ng g·1) ± standard deviation (n=7) 
Measured Indicative 
a-HBCD 22 ± 2.3 19 ± 3.7 
B-HBCD 4.1 ± 0.9 4.3 ± 1.1 
y-HBCD 125 ± 18 120 ± 22 
Table A.3b: Summary of standard addition method results for TBBP-A. 
Mass added (ng) Mass recovered Recovery (%) RSD (%) (n=S) 
(ng) 
10.0 8.2 82.0 3.6 
40.0 35.8 89.5 4.2 
80.0 76.1 95.1 4.7 
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Table A.4: Characteristics of recruited cohort and samples analyzed for the current study 
(n=43). 
Characteristic 
Age 
Mean (range) 
Body Mass Index (BMI) 
Mean (range) 
Race/Ethnicity 
White 
Not White 
Highest Education Level Achieved 
Some high school 
High school graduate 
Some college 
College graduate 
Recruitment Location 
Brookline 
Cambridge 
Lowell 
32.6 (20-41) 
23 .2 (18-39) 
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38 
5 
0 
2 
2 
39 
27 
12 
4 
Table A.S: Concentrations of lipids and target compounds in the analyzed human milk 
samples. 
Lipid Analyte concentration (pg/g lipid weight) 
Sample Weight 
No. (g/100 ml) a-HBCD ~-HBCD y-HBCD ~HBCD PBCDs TBCDs TBBP-A 
1 0.79 249 37 72 359 <LOQ <LOQ 182 
2 3.09 245 46 77 368 <LOQ <LOQ <LOQ 
3 1.12 252 40 105 398 <LOQ <LOQ <LOQ 
4 1.86 313 38 70 421 <LOQ <LOQ <LOQ 
5 1.50 317 39 74 429 <LOQ <LOQ <LOQ 
6 0.82 299 53 81 433 <LOQ <LOQ <LOQ 
7 1.00 344 32 68 443 <LOQ <LOQ 172 
8 0.82 365 37 88 491 <LOQ <LOQ <LOQ 
9 2.55 331 53 132 516 <LOQ 58 87 
10 2.05 328 59 152 539 <LOQ ·<LOQ <LOQ 
11 2.30 346 51 144 542 <LOQ <LOQ <LOQ 
12 1.45 426 57 85 568 <LOQ <LOQ <LOQ 
13 1.33 405 67 158 630 <LOQ 62 <LOQ 
14 1.32 418 65 173 657 <LOQ <LOQ <LOQ 
15 2.65 480 63 138 681 67 96 <LOQ 
16 2.27 523 47 125 695 <LOQ <LOQ <LOQ 
17 4.26 485 61 150 696 <LOQ <LOQ <LOQ 
18 3.77 552 63 101 716 57 89 <LOQ 
19 0.57 517 82 131 730 <LOQ <LOQ <LOQ 
20 1.83 620 79 91 791 52 122 <LOQ 
21 1.36 639 51 140 830 <LOQ <LOQ 146 
22 1.69 546 104 226 875 <LOQ 84 <LOQ 
23 1.22 641 58 177 876 <LOQ 53 <LOQ 
24 1.33 646 72 212 930 135 278 <LOQ 
25 1.82 746 68 118 932 <LOQ 84 <LOQ 
26 1.88 703 41 245 989 <LOQ <LOQ 258 
27 0.92 792 83 148 1023 <LOQ <LOQ <LOQ 
28 2.03 799 74 152 1025 94 159 <LOQ 
29 0.77 793 77 172 1043 <LOQ 62 <LOQ 
30 1.55 565 33 464 1062 66 80 153 
31 1.43 850 67 304 1221 128 174 <LOQ 
32 1.91 1250 105 293 1648 174 211 83 
33 1.51 1287 99 364 1750 <LOQ 92 <LOQ 
34 3.15 1290 176 573 2039 152 211 <LOQ 
35 0.74 1493 114 551 2158 91 301 202 
36 4.69 1666 239 260 2165 122 187 549 
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Table A.S (Continued): Concentrations of lipids and target compounds in the analyzed 
human milk samples. 
Lipid Analyte concentration (pg/g lipid weight) 
Sample Weight 
a- J3- y-No. (g/100 ml) HBCD HBCD HBCD :EHBCD PBCDs TBCDs TBBP-A 
37 1.03 1877 165 196 2239 69 66 127 
38 1.59 2332 188 306 2826 157 <LOQ <LOQ 
39 1.20 2293 372 832 3497 109 346 406 
40 2.68 2374 349 924 3647 86 120 197 
41 1.06 4092 282 1108 5482 317 562 345 
42 0.98 4431 612 1310 6353 244 382 205 
43 3.16 3279 1635 3193 8106 184 406 250 
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Table A.6: Univariate logistic regression for detection of PBCDs, TBCDs, and TBBP-A 
in the analyzed human milk samples, Odds Ratio (95% CI). 
Predictor n PBCDs TBCDs TBBP-A 
LHBCDs 
Low 21 Reference Reference Reference 
High 22 12.9 (2.82- 58.6)* 20.3 ( 4.18 - 98.2)* 4.25 (1.08 - 16.8)* 
a-HBCD 
Low 21 Reference Reference Reference 
High 22 12.9 (2.82- 58.6)* 11.3 (2.67- 47.4)* 4.25 (1.08- 16.8)* 
~-HBCD 
Low 21 Reference Reference Reference 
High 22 12.9 (2.82- 58.6)* 20.3 (4.18- 98.2)* 1. 73 (0.49 - 6.18) 
y-HBCD 
Low 21 Reference Reference Reference 
High 22 12.9 (2.82- 58.6)* 20.3 (4.18- 98.2)* 4.25 (1.08- 16.8)* 
LPBCDs 
Non-Detect 25 Reference Reference Reference 
Detect 18 NA 43.7 (4.86- 394)* 5.00 (1.30- 19.3)* 
LTBCDs 
Non-Detect 19 Reference Reference Reference 
Detect 24 43.7 (4.86- 394)* NA 3.17 (0.81 - 12.4) 
LTBBP-A 
Non-Detect 28 Reference Reference Reference 
Detect 15 5.00 (1.3- 19.3)* 3.17 (0.91- 12.4) NA 
*Statistically significant at the a = 0.05 level. 
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Table A.7: Univariate logistic regression for TBBP-A detection in the analyzed human 
milk samples. 
Predictor Odds Ratio 95% Confidence p-value n Interval 
Dietary consumption (per serving) 
Animal products 
Meat 43 1.13 0.42 - 3.05 0.81 
Beef 43 0.79 0.09 - 6.70 0.83 
Pork 43 0.44 0.01 - 32.6 0.71 
Poultry 43 1.72 0.36 - 8.13 0.49 
Fish 43 0.91 0.17 - 4.87 0.92 
Salmon 43 3.20 0.003 - >999 0.75 
Tuna 43 0.49 0.008 - 32.3 0.74 
Other Fish 43 3.65 0.11 - 117.3 0.46 
Eggs 43 0.76 0.10 - 5.66 0.79 
Dairy 43 0.71 0.42 - 1.20 0.20 
Milk 43 0.70 0.25 - 1.99 0.50 
Cheese 43 0.44 0.13 - 1.53 0.20 
Frozen Yogurt 43 0.71 0.44 - 1.17 0.18 
Egg fat 43 0.21 <0.001 - >999 0.79 
Dairy fat 43 0.13 0.01 - 1.75 0.12 
Milk Fat 43 0.24 <0.001 - >999 0.74 
Cheese Fat 43 0.05 <0.001 - 4.66 0.20 
Froz. Yogurt Fat 43 0.10 0.002 - 6.67 0.28 
Makes organic choices 
Yes 26 0.64 0.18 - 2.27 0.49 
No 17 Reference 
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Table A.7 (Continued): Univariate logistic regression for TBBP-A detection. 
Predictor Odds Ratio 95% Confidence p-value n Interval 
Vegetarian 
Yes 2 1.93 0.11 - 33 .2 0.65 
No 41 Reference 
Lifestyle 
Carpeting in the home 
Yes 26 1.58 0.44 - 5.64 0.49 
No 17 Reference 
Use of a HEP A vacuum 
Yes 12 2.02 0.46 - 8.87 0.35 
No 23 Reference 
Transportation 
Regularly uses public 
transportation 
Yes 15 0.18 0.03 - 0.94 0.04 
No 28 Reference 
Hours in vehicle per 43 0.959 0.804 - 1.142 0.6366 
week 
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Table A.7 (Continued): Univariate logistic regression for TBBP-A detection. 
Predictor Odds Ratio 95% Confidence p-value n Interval 
Electronic Items in the Home 
Counts (Odds Ratio : per item) 
Stereo and Video 43 1.00 0.73 1.37 0.99 Electronics -
Television Only 43 0.88 0.47 - 1.67 0.69 
Other Stereo and 43 1.06 0.70 1.61 0.78 Video Electronics -
Computer 43 1.13 0.82 - 1.55 0.45 
Auxiliary electronics 43 0.87 0.47 - 1.61 0.65 
Other small 43 0.69 0.38 1.25 0.22 
appliances -
Usage (hours/week) 
Television Only 43 0.99 0.95 - 1.04 0.66 
Other Stereo and 43 1.03 0.99 1.08 0.20 Video Electronics -
Computer 43 1.01 0.98 - 1.03 0.64 
Auxiliary electronics 43 0.99 0.96 - 1.02 0.64 
Breastfeeding 
Day of lactation (days) 37 1.00 0.95 - 1.05 0.85 
Demographics 
Maternal age (years) 43 0.96 0.84 - 1.11 0.60 
Race 
White 38 0.78 0.12 - 5.27 0.80 
Not White 5 Reference 
120 
Table A.7 (Continued): Univariate logistic regression for TBBP-A detection. 
· Predictor Odds Ratio 95% Confidence p-value n Interval 
Pre-pregnancy body 43 1.08 0.94 - 1.25 0.27 
mass index 
College Graduate 
Yes 39 0.50 0.06 - 3.96 0.51 
No 4 Reference 
Cigarette Smoking 
Pre-Pregnancy Smoker 
Yes 2 <0.001 <0.001 - >999 0.97 
No 41 Reference 
Ever Smoker (last 3 years) 
Yes 4 0.41 0.04 - 4.06 0.45 
No 37 Reference 
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Table A.8: Univariate linear regression for average levels of LHBCDs in the analyzed 
human milk samples (e~=Multiplicative Increase). 
Predictor e~ 95% Confidence p-value n Interval 
Dietary consumption (per serving) 
Animal products 
Meat 43 1.10 0.74 - 1.64 0.62 
Fish 43 0.62 0.33 - 1. I 8 0.14 
Eggs 43 1.66 0.78 - 3.55 0.18 
Dairy 43 1.00 0.82 - 1.22 0.97 
Dairy fat 43 1.08 0.45 2.60 0.86 
Dietary consumption controlling for organic 
Meat 43 0.91 0.62 - 1.35 0.64 
Fish 43 0.53 0.30 - 0.94 0.03 
Eggs 43 
Dairy 43 1.01 0.84 - 1.21 0.93 
Dairy fat 43 0.99 0.44 - 2.24 0.98 
Organic controlling for dietary consumption 
Meat 43 0.49 0.30 - 0.81 0.007 
Fish 43 0.47 0.30 - 0.74 0.002 
Eggs 43 
Dairy 43 0.51 0.32 - 0.82 0.007 
Dairy fat 43 0.51 0.32 - 0.82 0.007 
Makes organic choices 
No 17 Reference 
Yes 26 0.51 0.32 - 0.82 0.006 
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Table A.8 (Continued): Univariate linear regression for average levels of LHBCDs. 
Predictor eP 95% Confidence p-value n Interval 
Vegetarian 
No 41 Reference 
Yes 2 0.57 0.18 - 1.82 0.33 
Lifestyle 
Carpeting in the home 
No 26 Reference 
Yes 17 1.39 0.84 - 2.29 0.19 
Use of a special vacuum (i.e., HEPA) 
No 23 Reference 
Yes 12 0.94 0.55 - 1.61 0.82 
Transportation 
Regularly use MBT A 
No 28 Reference 
Yes 15 0.71 0.43 - 1.18 0.18 
Hours in a vehicle per week 43 0.99 0.93 - 1.06 0.83 
Electronic items in the home 
Count (Odds Ratio: Per item) 
Stereo and video 43 1.17 1.04 1.31 0.01 
electronics -
Televisions only 43 1.18 0.93 - 1.49 0.18 
Other stereo and video 43 1.22 1.05 1.43 0.01 
electronics -
Computer 43 0.99 0.87 - 1.12 0.85 
Auxiliary equipment 43 0.86 0.68 - 1.09 0.20 
Other small appliances 43 1.09 0.87 - 1.37 0.43 
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Table A.8 (Continued): Univariate linear regression for average levels of LHBCDs. 
Predictor n el3 95% CI p-value 
Usage (hours/week) 
Stereo and video electronics 43 1.00 0.99 - 1.01 0.96 
Televisions only 43 1.01 0.99 - 1.02 0.38 
Other stereo and video 43 1.00 0.98 1.01 0.44 
electronics -
Computer 43 1.00 0.99 - 1.01 0.85 
Auxiliary equipment 43 1.00 0.99 - 1.01 0.86 
Breastfeeding 
Day of lactation (days) 37 0.99 0.97 - 1.01 0.22 
Demographics 
Maternal age (years) 43 0.97 0.92 - 1.03 0.31 
Race 
Not white 5 Reference 
White 38 0.51 0.24 - 1.07 0.07 
Pre-pregnancy body mass 43 1.02 0.96 - 1.08 0.48 index 
Education 
High school graduate 2 Reference 
Some college 2 1.39 0.28 - 6.87 0.68 
College graduate 39 0.59 0.18 - 1.87 0.36 
College graduate 
No 4 Reference 
Yes 39 0.50 0.22 - 1.14 0.10 
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Table A.S (Continued): Univariate linear regression for average levels of ~HBCDs. 
Predictor n e~ 95% CI p-value 
Recruitment location 
Brookline 27 Reference 
Cambridge 12 1.10 0.63 - 1.91 0.73 
Lowell 4 2.07 0.88 - 4.87 0.09 
Smokes cigarettes 
Pre-pregnancy smoker 
No 41 Reference 
Yes 2 0.96 0.29 - 3.12 0.94 
Ever smoker (last 3 years) 
No 37 Reference 
Yes 4 1.31 0.54 - 3.16 0.54 
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Table A.9: Summary statistics for reported concentrations of TBBP-A (pg/g lw) Ill 
human milk samples. 
Country 
Sample 
Year n 
USA 2004/05 43 
UK 2009/10 34 
China 2007 1237 
France 2004-2006 
aMaximum value rounded 
bpg/g ww 
NR: Not reported 
77 
Detection 
Frequency Median Range a Publication 
35% NR <30- 550 Current Study 
36% <40 <40- 650 Abdallah et al. 2011 [1] 
Pooled NR <60b- 5100 Shi et al. 2009 [2] 
44% 480 62- 37000 Cariou et al. 2008 [3] 
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Table A.lO: Summary statistics for reported concentrations of L:HBCDs (pg/g lw) in 
human milk samples. 
Country Sample Detection Median Ranged DC Publication Year n Freguency 
Japan 1988- 13-35a Pooled NR 430- 4000 Kakimoto et al. 2006 a 2008 [4] 
France 2005 23 30% NR <LOD- 5000 a Antignac et al. 2008 [5] 
Sweden 1996- 177 44% 250 <200- 7800 NR Lignell et al. 2006 2008 [6] 
Russia 2000, 14, 23 57%, 13% 450, 620 200- 1670 Polder et al. 2002 a 2008 [7] 
USA 2002 9 NR 500b 200- 900b NA Ryan et al. 2006 [8] 
Philippines 2004 33 NR 620 130- 3200 Malarvannan et a 
al. 2009 [9] 
USA 2004/05 43 100% 790 360- 8100 a Current Study 
Norway 1993- 85 58% NR 400- 20000 NR Thomsen et al. 2001 2005 [10] 
Norway 2003- 310 57% 860 <200- 31000 NR Thomsen et al. 2005 2010 [11] 
China 2007 1237 Pooled NR <50- 2800a Shi et al. 2009 a [2] 
Ghana 2004, 67 NR 270- <10- 18000 Asante et al. 2009 1000e a 2011 [12] 
Belgium 2006 178 Pooled 1500a NA Calles et al. a 2008 [13] 
Canada 2002/03 8 NR 1600b 400- 19000b NA Ryan et a!. 2006 [8] 
Australia 1993- NR Pooled NR 2500-19000a Toms eta!. 2012 2009 a, y [14] 
Vietnam 2007 33 100% 330- 70- 7600 Tue et al. 2010 2000e a [15] 
Mexico NR 7 100% 2100c 800- 5400 NR Lopez et a!. 2004 [16] 
UK 2009/10 34 100% 3830 1040- 22000 Abdallah and a Harrad 2011 [1] 
Spain 2006- 33 91 % 27000 3000 - 188000 Eljarrat et al. 2007 y 2009 [17] 
DC: Dominant congener 
NR: Not reported 
NA: Not applicable 
a: Pooled 
b: a-HBCD only 
c: Mean, as reported by Thomsen et al. 2010 
d: Maximum value rounded 
e: Medians presented for 4 cities 
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Table A.ll: Summary statistics for reported concentrations of PBCDs (pg/g lw) in 
human milk samples. 
Country Sample Detection Median Range Publication Year n Frequency 
USA 2004/05 39 42% NR <30 - 320 Current Study 
UK 2009/10 34 26% <30 <30 - 200 Abdallah and Harrad 2011 [1) 
Table A.12: Summary statistics for reported concentrations of TBCDs (pg/g lw) 
human milk samples. 
Country Sample Detection Median Range Publication Year n Frequency . 
USA 2004/05 39 56% 50 <30 - 530 Current Study 
UK 2009110 34 74% 140 <30 - 360 Abdallah and Harrad 2011 [1] 
lll 
Table A.13: Daily intake estimate for an infant (1 to <3 months) to BFRs from ingestion 
of human milk (ng/kg-day)1• 
Mean Upper Percentile 
Milk Intake Rate: (140 ml/kg-day) (190 ml/kg-day) 
Analyte GM Max GM Max 
TBBP-A NR 3.1 NR 4.2 
:EHBCDs 5.7 45 7.8 62 
a-HBCD 4.0 25 5.4 33 
j3-HBCD 0.45 9.0 0.61 12 
A.-HBCD 1.1 18 1.5 24 
PBCDs NR 1.8 NR 2.4 
TBCDs 0.28 3.0 0.38 4.0 
1CBFR (GM or Max: ng/g-lw) * 4.0 g/100 ml * Milk Intake Rate (Mean or Upper Percentile: 
ml/kg-day) 
NR: Not reported due to low detection frequency (<50%). 
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Figure A.l: LC-ESI-MS/MS chromatograms of (a) PBCDs and (b) TBCDs in human 
milk. 
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Appendix B: Chapter 3 Supplemental Material 
Regression Analysis of Log-transformed Dependant Variables 
As TDCPP dust concentrations and BDCPP urinary concentrations were approximately 
log-normal, we natural log-transformed these data before using them as dependent 
variables (Y) in linear regression. Regression models (with one independent variable X) 
were of the form: 
ln(Y) = a + BX + E 
where B is the parameter we want to estimate. 
For a unit change in X when X is continuous (or a change between categories when X is 
categorized), B estimates the change in the In of Y. Hence, the exponential of B, e~, is 
equal to the multiplicative change in Y, since ln(Y 2)-ln(Y 1)=ln(Y 2/Y 1) 
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Table B.l: Correlations of TDCPP in dust from the participant rnicroenvironments: 
Spearman's Rank Order Correlation Coefficient (p-value). 
Main Living Area 
Bedroom 0.63 (<0.001)* 
Main Living Area 
Office 
Office 
0.15 (0.45) 
-0 .17 (0.38) 
*Statistically significant at the a=0.05 level. 
Vehicle 
0 .39 (0.09) 
0 .40 (0.08) 
0 .18 (0.46) 
Table B.2: TDCPP in office dust as a univariate predictor of BDCPP in office worker 
urine. Multiplicative Increase1 (p-value). 
Full Dataset Carpeted Offices Carpeted Offices Predictor 
n=29 n=28 with P1 Removed 
n=27 
Level of TDCPP in office dust 
High(> 10 11glg) 1.44 (0.43) 1.65 (0.29) 2.08 (0.10) 
Medium (5.3 to 10 11glg) 1.13 (0.79) 1.30 (0.58) 1.30 (0 .54) 
Low(< 5.3 11glg) Reference Reference Reference 
Test for Trend p=0.41 p=0.28 p=0.09 
1Multiplicative increase in urinary metabolite relative to the reference group. 
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Table B.3: Office building and age as predictors of BDCPP in office worker urine. 
Multiplicative Increase1 (p-value). 
Predictors 
Office Building 
Building A 
Building B 
Other 
Age 
?_ 57 
38 to 56 
Full Dataset (n=29) 
Univariate Multivariate2 
0.26 (0.01)* 
0.85 (0.68) 
Reference 
0.47 (0.09) 
0.61 (0.26) 
0.29 (0.03)* 
0.85 (0.68) 
Reference 
0.78 (0.59) 
0.76 (0.50) 
:s 37 Reference Reference 
R (p-value) 0.31 (0 .06) 
*Statistically significant at the a=0.05 level. 
Carpeted Offices (n=28) 
Univariate Multivariate2 
0.28 (0.02)* 
0.93 (0.87) 
Reference 
0.50 (0.13) 
0.65 (0.34) 
Reference 
0.30 (0.04)* 
0.91 (0.84) 
Reference 
0.82 (0.67) 
0.81 (0 .61) 
Reference 
0.29 (0.08) 
1Multiplicative increase in urinary metabolite relative to the reference group. 
2Multivariate model includes office building and age . 
Table B.4: Office building and hand-washing frequency as predictors of BDCPP in 
office worker urine. Multiplicative Increase1 (p-value). 
Full Dataset (n=29) Carpeted Offices (n=28) 
Predictors Univariate Multivariate2 Univariate Multivariate2 
Office Building 
Building A 0.26 (0.01)* 0.28 (0.002)* 0.28 (0.02)* 0.30 (0.03)* 
Building B 0.85 (0.68) 0.83 (0.63) 0.93 (0.87) 0.91 (0.82) 
Other Reference Reference Reference Reference 
Hand-washings/day 
?.6 0.57 (0.12) 0.84 (0.63) 0.60 (0.16) 0.88 (0.73) 
<6 Reference Reference Reference Reference 
R2 (p-value) 0.30 (0.03)* 0.28 (0.04)* 
*Statistically significant at the a=0.05 level. 
1Multiplicative increase in urinary metabolite relative to the reference group. 
2Multivariate model includes office building and hand-washings/day. 
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Table B.S: Office building and TDCPP in office dust as predictors of BDCPP in office 
worker urine. Multiplicative Increase1 (p-value). 
Full Dataset (n=29) Carpeted Offices (n=28) 
Predictors Univariate Multivariate2 Univariate Multivariate2 
Office Building 
Building A 
Building B 
Other 
Level of TDCPP m 
Office Dust 
High (> 10 ~g/g) 
0.26 (0.0 1 )* 
0.85 (0.68) 
Reference 
1.44 (0.43) 
Medium (5.3 to 10 1. 13 (0.79) ~gig) 
0.26 (0.01)* 
0.85 (0.68) 
Reference 
1.06 (0.89) 
0.94 (0.87) 
Low(< 5.3 ~g/g) Reference Reference 
R (p-value) 0.29 (0.07) 
*Statistically significant at the a=0.05 level. 
0.28 (0.02)* 
0.93 (0.87) 
Reference 
1.65 (0.29) 
1.30 (0.58) 
Reference 
0.30 (0.04)* 
0.97 (0 .94) 
Reference 
1.19 (0.70) 
1.05 (0.91) 
Reference 
0.29 (0.09) 
1Multiplicative increase in urinary metabolite relative to the reference group. 
2Multivariate model includes office building and level of TDCPP in office dust. 
Table B.6: Mass Balance Comparison 
Indirect ingestion of dust = (C* IR) 
C = GM TDCPP in office dust 6.06 ug/g 
IR = Dust ingestion rate 30 mg/day 
Predicted TDCPP Exposure 0.2 ug/day 
Current Study 
USEPA 2011 1 
Mass Conversion=(BDCPPMWITDCPPMW) *Predicted TDCPP Exposure 
TDCPPMW 430.9 g/mol Molecular Weight 
BDCPPMW 319.9 g/mol Molecular Weight 
Predicted BDCPP Output 0.1 ug/day 
Output Rate = C*DO 
C= GM BDCPP in urine 
DO = Daily output of urine 
Predicted BDCPP Output 
* Not adjusted for specific gravity 
182 pg/ml* 
800-2000 ml/day 
0.1-0.4 uglday 
Current Study 
Medline2 
1. Exposure Factors Handbook: 2011 Edition; U.S. Environmental Protection Agency, 
National Center for Environmental Assessment, Office of Research and Development: 
Washington, D.C., 2011. http: //www .epa.gov/ncea/efh/report.htrnl. 
2. Medline Plus: 24-hour Urine Volume; 
http: //www .nlm .nih .gov /medlineplus/ency /article/003425 .htm 
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Figure B.l: Levels of TDCPP in vehicle dust by age of vehicle (model year) 
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Appendix C: Chapter 4 Supplemental Material 
Table C.l: PBDEs (<50% detect), BB153, organochlorine pesticides and PCBs in 
gymnast serum. 
Detection Maximum 
Frequency MDL GM Range 
Analyte (%) (ng/g lw2 (n~/g lw) (ng/ g lw) 
Polybrominated diphenyl ethers 
BDE17 0 2.2 NA <MDL 
BDE66 0 2.2 NA <MDL 
BDE 154 45 13.6 NR <MDL- 6.8 
BDE 183 0 1.2 NA <MDL 
BDE209 0 22.3 • NA <MDL 
2,2',4,4',5 ,5'-hexabromobiphenyl 
BB 153 0 2.2 NA <MDL 
Organochlorine pesticides 
hexachlorobenzene 0 20.2 NA <MDL 
fJ- hexachlorocyclohexane 0 11.1 NA <MDL 
y-hexachlorocyclohexane 0 11.1 NA <MDL 
oxychlordane 9 11.1 NR <MDL-9.0 
trans-nonachlor 9 11.1 NR <MDL-11.5 
p,p'-DDE 100 11.1 56.8 26.5- 89.1 
o,p'-DDT 0 11.1 NA <MDL 
p,p'-DDT 0 11.1 NA <MDL 
Mirex 0 11.1 NA <MDL 
Polychlorinated biphenylsb 
PCB28 0 3.0 NA <MDL 
PCB74 82 2.2 2.1 <MDL-7.6 
PCB 99 45 2.2 NR <MDL-3.3 
PCB 118 82 2.2 2.0 <MDL-8.1 
PCB 138, 158 91 2.2 3.0 <MDL-20.9 
PCB 146 9 2.2 NR <MDL-6.5 
PCB 153 100 2.2 5.3 2.0- 45.4 
PCB 156 36 2.2 NR <MDL-14.4 
PCB 157 9 2.2 NR <MDL-3 .7 
PCB 167 9 2.2 NR <MDL-2.5 
PCB 170 55 2.2 1.66 <MDL-11.9 
PCB 180 100 2.2 3.6 1.2-27.3 
PCB 187 18 2.2 NR <MDL-6.1 
PCB 194 27 2.2 NR <MDL- 3.4 
PCB 196,203 27 2.2 NR <MDL- 2.5 
PCB 199 27 2.2 NR <MDL-3 .5 
•The MDL was 22.3 in one sample and <14 ng/g lipid for the remaining samples. 
bPCBs 44, 49, 52, 66, 87, 101 , 105, 110, 128, 149, 151, 172, 177, 178, 183, 189, 195, 
206 and 109 had detection frequencies ofO% and maximum MDLs of2.2 ng/g lw. 
NA: Not applicable 
NR: Data is not reported as detection frequency is <50%. 
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Population: Office Workers 1 Pregnant Women2 General U.S. 3 U.S. Teenagers3 Californians• Gymnasts 
Sample Size: (n=31) (n=137) (n:::2000) (n:::SOO) (n:::250) (n=11) 
Sample Year: 2009 2008-2010 2003-2004 2003-2004 2003-2004 2012 
Age Range: 25-64 18-39 12-85 12-19 12-so· 18-22 
PentaBDEs ,-;-
BDE28 1.1 (0.7-1.5) NR 1.2 (1 .0-1 .4) 1.3 (1 .2-1.5) 2.1 (1.5-2.7) 1.5 (0.9-2.4) 
BDE47 14.2 (9.4-21.3)* 16.5 (13.6-20.0)* 20.5 (17 .6-23.9)* 28.2 (24.6-32.3) 36.2 (25 .0-47.4) 43.5 (26.8-70.5) 
BDE 85 NR NR · NR NR NR 1.4 (0.9-2.2) 
BDE 99 2.5 (1 .6-3.7)* 4.7 (3.7-5.9) 5.0 (4.4-5.6)' 6.9 (6.1-7.7) 7.4 (5.2-9.6) 11 .9 (4.0-20.4) 
BDE 100 2.7 (1 .7-4.3)* 4.2 (3.5-5.0)* 3.9 (3.4-4.5)* 5.2 (4.5-6.0)* 6.0 (4.2-7.8) 10.9 (6.8-17.4) 
BDE 153 5.0 (3.1-8.1)* 5.9 (5.1-6.9)* 5. 7 (5.1 - 6.3)* 8.1 (6.7-9. 7)* 6.8 (5.2- 8.4)* 32.5 (20.5-51 .5) 
LPentaBDE6 28.3 (19.1-42.0)* 36.6b 38.6 (33.5-43. 7)*70 NA 62.0 (44.6-79.4)7 109 (74.1-160) 
Other POPs 
DOE NA NA 238 (195-292)* 105 (84.7-129)* NA 56.8 (44.6-72.3) 
PCB 74 NA NA 4.8 (4.6- 5.0)* 2.2 (2.0-2.4) NA 2.1 (1 .3-3.3)' 
PCB .118 NA NA 6.0 (5.5-6.5)* 3.0 (2.8-3.4) NA 2.0 (1 .3-3.0)' 
PCB 138/151 NA NA 15 (14.1-16.1)* 5 (4.5-5.6) NA 3.0 (1 .6-5.5) 
PCB 153 NA NA 19.8 (18.8-20.9)* 5.8 (5.3-6.6) NA 5.3 (2.9-9.2) 
PCB 170 NA NA 5.4 (5.2-5. 7)* 1.2 (0.97-1 .3) NA 1.7 (0.91-3.0) 
PCB 180 NA NA 15 (14.5-15.7)* 3 (2.7-3.5) NA 3.6 (1 .9-6.8) 
*GM is significanUy different from GM of gymnasts at the a=0.05 level. 
' Watkins et al. 2011 ; 2Stapleton et al. 2011 ; 3Siodin et al. (2008) and Patterson et al. (2009); 4Zota et al. (2008); 5Stapleton et al. 2008. 
6LPentaBDE=Sum(BDEs 28. 47. 99, 100, 153); 7LPentaBDE=Sum(BDEs 28, 47, 99. 100. 153, 154) 
' GM is below the maximum MDL; Concentrations <MDL were substituted with a value of MDU2 or the quantified value. 
"Median value. 95% Cl not reported; 0As reported in Zota et al. (2008). all states excludinQ California. 
NR: Not reported due to low detection frequency (<50%). 
NA: Data not available. 
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Table C.3: Levels of flame retardants in dust from microenvironments of Gym 1 
collected using a) surface wipe and b) vacuum sampling methods. 
a) Gym 1 Gym2 
Analyte Near Away Beam1 Vault Uneven Floor Median Near {ng/cm2} LFP LFP Bars Exercise LFP 
PBDEs 
BDE 28, 83 0.34 0.33 0.12 0.01 0.04 <0.001 0.08 1.05 
BDE47 17.2 26.88 30.2 0.53 3.23 0.15 10.2 141 
BDE 85,155 3.37 1.66 2.69 0.03 0.13 0.02 0.90 44.0 
BDE99 42.9 36.05 38.0 0.76 2.64 0.36 19.3 262 
BDE 100 0.11 7.29 9.65 0.16 0.53 0.08 0.34 98.0 
BDE 153 6.46 1.81 4.61 0.06 0.18 0.03 1.00 101 
:EPentaBDE 70.3 74.04 85.3 1.55 6.75 0.63 38.5 647 
BDE 209 0.23 1.24 0.02 0.12 <0.02 0.03 0.12 1.02 
Firemaster 550 
TBB 8.05 1.74 3.90 1.46 2.04 0.18 1.89 0.03 
TBPH 5.94 0.66 1.67 0.61 0.51 0.03 0.63 0.04 
Organophosphates 
TPP NM NM NM NM NM NM 15.36 
TDCPP 1.83 <0.14 0.78 <0.14 0.21 0.07 0.21 5.15 
TCPP 0.19 0. 19 <0.17 <0.17 0.09 0.09 0.09 NA 
b) Gym 1 Gym2 
Analyte (f.lg/g) Within Beam2 Vault Uneven Floor Within Beside Gym LFP Bars Exercise LFP LFP VB 
PBDEs 
BDE 28, 83 2.35 3.44 0.91 0.42 0.15 48.5 5.66 1.43 
BDE47 169 453 98.8 88. 3 20.4 390 247 146 
BDE 85,155 23 .1 50.3 11.2 7.81 2.39 258 79.1 26.7 
BDE99 225 870 208 159 51.3 518 336 222 
BDE 100 51.0 194 32.5 29.2 7.92 353 145 72.3 
BDE 153 32.8 89.4 19.5 14.1 5.21 367 138 56.1 
:EPentaBDE 503 1660 371 299 87.4 1935 951 525 
BDE 209 3.40 13.4 19.5 0.90 5.21 1.72 2.50 41.6 
Firemaster 550 
TBB 85 .6 36.6 28.9 20.8 23.5 <0.001 <0.001 0.35 
TBPH 32.0 44.9 30.0 17.3 21.0 0.06 <0.001 0.21 
Organophosphates 
TPP NM NM NM NM NM 25.0 20.7 22.9 
TDCPP 3.71 22.7 8.42 2.72 5.05 38.2 13.0 3.19 
TCPP 3.06 2.60 1.85 2.48 0.75 NM NM NM 
LFP: Loose Foam Pit; VB: Vacuum Cleaner Bag; NM: Not measured; Italic font: May be less 
exact due to extrapolation from the end of a calibration curve. Beam near 1bars or 2vault. 
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Table C.4: Percentage(%) by weight levels of bromine in gym equipment measured by 
XRF 
Gym 1 Gym2 
Gym Equipment n Average (Range) n Average (Range) 
Pit Cube 2 4.66 (3.16-6.16) 4 4.01 (0.483-5.60) 
Landing Mat 15 1.41 (0.005-3.61) 0 NM 
Sting Mat 7 0.020 (0.081-1.99) 1 0.532 (NA) 
Vault Runway Carpet 2 0.621 (0.549-0.690) 1 0.903 (NA) 
Vault Runway Foam 2 0.014 (0.007-0.021) 0 NM 
Above-ground Pit 3 0.001 (0.003-0.047) 0.017 (NA) 
Spring Board 1 0.005 (NA) 2 0.006 (0.002-0.0 1 0) 
Floor Foam 0.003 (NA) 1 0.619 (NA) 
Floor Carpet 0.001 (NA) 1 0.036 (NA) 
NM: not measured 
NA: not applicable, only one item measured. 
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Figure C.l: Percentages of PentaBDE1 in the technical mixture and gymnast serum. 
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Figure C.2: Levels of flame retardants in dust from microenvironments of Gym 1 
collected using a) surface wipe and b) vacuum sampling methods. 
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Figure C.3: Imaging of gym dust 
Dust collected from within the pit of Gym 2: a) prior and b) after passing through a 500 
j.Lm sieve, c) at 2x magnification and d) standard reference material dust at 2x 
magnification. 
a . Pit dust, unsieved b. Pit dust, sieved 
c. Pit dust, 2x magnification d. SRM dust, 2x magnification 
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Figure C.4: Percent levels of bromine (by weight) In pit cubes as measured by 
GC/ECNI-MS and XRF. 
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